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Chapter 1

INTRODUCTION AND SUMMARY

1-1. Introduction

This Volume II of this final technical report of four volumes

documents a ray tracing radome analysis computer program written

in Fortran IV for use on the Cyber 70/74 computing system at Georgia

Institute of Technology and the IBM 3033 computing system at Johns

Hopkins University Applied Physics Laboratory. The program was developed

at Georgia Institute of Technology over the past four years; however,

considerable development work in computer aided radome analysis has taken

place here prior to that time [1-7].

This analysis package was used during the research carried out

under this grant to analyze the antennas and radomes using the fast re-

ceiving formulation as described in Volume I. Its documentation was

done in conjunction with the on-going radome technology program at JHU/

APL under the cognizance of R. C. Mallalieu (APL Contract 601053). It

is intended to serve as part of a technology base for the radome tech-

nical community.

The report is organized by chapters according to the approximate

order in which the subprograms are called, and each chapter describes

one subprogram. Each chapter is essentially self-contained since it is

meant to serve as the complete documentation on a single subroutine.

References are provided at the end of each chapter. In some cases,

figures are duplicated in different chapters for completeness. Each

chapter is terminated with the listing of the subroutine.



Chapter 2 describes the main program and instructions for its use.

Chapters 3 through 28 describe the thirty four subroutines required for

execution, including those for producing Calcomp pattern plots and three-

dimensional plots. Appendices A through D present computed results for

four test cases for use in verifying correct operation on other systems.

These results were obtained on the Cyber 70/74 computing system at Georgia

Tech. The remaining part of this chapter describes background of the pro-

gram development and summarizes the features of the computer analysis.

This report comprises Volume II of four volumes. Volume I describes

the salient results of this overall investigation to determine the accu-

racies and ranges of validity of various analysis methods. Volume III

documents the additional software required to analyze radomes using a

surface integration method. Volume IV presents the experimental results

obtained and is meant to serve as a data base for other investigators

.-, eking to verify the accuracy of their computer codes.

1-2. Background

Development of the radome analysis computer program (RACP) was

initiated in 1971 in an effort to include the effects of the radome on

a ground mapping radar [1]. A three-dimension geometry and vector field

formulation were used. A plane wave spectrum (PWS) representation of

th radiation from the antenna greatly facilitated the computations since

the Fast Fourier Transform (FFT) could be used. The program was used to

comiute power patterns on the ground for many different cases of antenna/

missile orientations. From these data, the effects of the radome on

pattern shape, power loss and VSWR were determined.

2
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Monopulsc, tracking antennas were next introduced into th( computur

analysis to evaluate radome materials and shapes for seeker systems in

th 8-18 (;Hz band [2 Tangent oqivc shap os of various fineness ratios

were analyzed. Monolithic and multilayer wall structures were used.

Algorithms were developed to comp'ute boresight errors irom the sampled

data difference patterns in two orthogonal planes. A modification of this

program was also used to conduct a trad( -off and development study for

the Multipurpose Missile (MPM), later known as ASALM [3].

The next step in the dev(elopment of RACP came in 1977 with the

introduction of a conical scan tracking antenna into the analysis [4).

This antenna necessitated a reformulation of the: analysis from the trans-

mittinq formulation used earlier to a receiving formulation. The big

advantage offered by the latter is that the antenna response can be

calculated for only one direction of arrival of the target return (plane

wave). In the former, the FFT automatically com utes "responses" for

many directioni; of arrival and, hence, is computationally slower.

Subsequent versioins of the program hav(- used the same receiving for-

mulation with monoj ulif- and 0th:r ty}, I:: of antenna models.

The computed results obtained with th. rece.iving and transmitting

formulations are not always the same2 [5]. A eomputed-aided analysis

which utilizes the Huygens-Fresnel Irincii le [6, 71 is generally con-

sidered to be mork accurate than the two methods already mentioned, but

requires considerably more computation time that may not be warranted

in all cases. A research program is; now underway at Georqia T'eh whose

o b jctive is to e"stall ish thi a:curi ts and ranges of validity of these

t hit( moi't-hoti!- Ofrao. ut ysi
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I ~ ~ ( I It~ iti Of thIlk AnalIysis

The cutrrcont vern;ion of the ray tracing analys;is computer program

Lit 11tie a reeiviiitq formuliat ion based on the Lorentz rociproci ty theoiremn

A 'lait, wlvt- ('f -Stlectaible linear11 or ci rcular pcolari-,atioll i10

d; I InPd i i, lit ( '1111i ti Ill tI~ oi(, f tlic raduI(me ind 4 o I r ,:; ( W t el by a

t* I" It 1111,1 Ii ? it i o;idI th a dome. Each-i rayv is I; raced ftrom te jI Ilit

III Oit j ti iqe i'l ()t III out ti do, stir facc toI the lcerr!sp ojiiin ape'rture

t it 'Liele ictjric mdt ittv1fltic fi eld - E. I I]. Cistwiited with each rae.

At% WOiIjit t' dI,%, t[LH I Cit '01101 transmi -n-i ii cot ffti c ents T T ' as de-

I-I i A Li tin i t nor-mal II, thlt di r~cticl on f propiagation k , and the,

it Ictt it'rt i It I I f, rA1d(i'I(j' wall I Thet wei ght (A il~ tit fI ,Ide;

W- I l t 'cIci avi-t ur't itlt aIre theln ui cd,, il it I c fol lowji noq intl I qra I to

a iii tu hc ottttlx vol t aq, Y '0550on V olf t ilt anitenna 1is

V-C (F XIII E!' xEIH dxdy(I

wi ;E t lit' .11' 'I-t urL f itI Li whent tin' illtinria 1.5, t rasmi t tinq,

Vi I .1 ni Iom loX t'11t anCid i in t Ie ,Uuti t vc jtor normal Io the. xy

I; I-I t ir -) pll ane. P1' r diqi to I compiter ml~nw'intatioi, tho- iiitecral in)

ipit ion (1I) re~duces to al do01,ble( ilinila, ion, and tttkt'ql(la I-area el ('Mi'ts

i~d' V -'ie j ~vand-ant ilt ilborl),,d i nto t it,, i'onstcnt C.

il it:; 0 u form, hi'- II-tqraim accoininodit en onlly oile radeo

v!:,., t~ lt- tit (iii-'-. Tlwi~ 1-nqt Ith, diameite.r andi filnI-in-sst lat to,

I' I 'Il I qt i I, v i h I I t I it V, It ' I ~. i I 'Ti M~ It ktlit 11 m I t I-



wall can be handled. Provisions are made to allow for a metal tip on

the radome whose effect is aperture blockage.

The geometry subroutines provide for three separate coordinate

systems and the point and vector transformations among them. A reference

coordinate system is provided to orient the antenna/radome combination

with respect to other bodies. The coordinate systems for the antenna

and the radome comprise the other two systems. Boresight error and

pattern computations are carried out and expressed in the antenna coor-

dinate system.

Thu primary outputs of the program arc boresight error (mrad.),

boresight error slope (deg./deg.), gain loss, and when selected, prin-

cipal plane patterns. Outputs include both printinq and plotting

(Calcomp). Plotting options allow for selection of aperture fields

with and without the radome. A feature is also provided to either ob-

tain or suppress intermediate calculated results for debugging purposes.

Boresight error calculations for monopulse antennas are carried

out by setting the first target return at a known direction within a

few degrees of true boresight. The responses in the two difference

channels and the sum channel art, then computed and stored. Another set

of rosponse<; for a return 1800 away froin the first is computed next.

The two sets of data are then u!;od to construct a linear tracking model

in the two orthogonal planes, and the process is repeated until a bore-

sight null is indicated. The true direction of arrival of the plane

wave at this point represents the boresight error directly.

The current subroutine used to characterize the antenna permits

selection of various polarizations and two aperture distributions. A

uniform, circular aperture distribution having vertical, hori:zontal or

__!T AA-w.



1 re i ar ( IAlK or R11C) piolariza tionis i s one comb i nat jont Tht Second

di t rtibotiOn is ; I aee r0c-tanqI~utir dlin;tl ibt ionl hIAiiri. vert ica 1jir

I 2tlt iklt ! O toti Il itt[lt 1Aliti Thetlt; ito; lt ;i* :.1uu'kl ii. wld ilt

I)C di fItICUlt tO t10iti t o I-CconUnlOdatk' Ot liCl di; I i[butt ii.:l!, !;Oi' 1.' I t C

S3 Ilka IIr AIper1 Lure, w i Lh cos:k- i tI I ta pe r.

Compu tatLion t ime i s independent ot- radontesiz but doepends onl the

numnber of Sainple s usedc inl the ap erture. Fo'r 2tsalip '1 po intLs (16~ X 16

artray) , t-he t-imoc to compute, the received vo~ltatps ill the three clii~nels

1-; 15 sncond-;.

[Te ; rograin is orqaiii!.(C Le I S a main ri roqratn ariid a numlber of -,up-

'01 Linrq sul)ut intes, all writ ten ill Fort ran IV. '1w compldote progran,

nc Iuditic; piLutL i nl software ,, contain; ; thirty fi ,;ubrout i iie!;n The c.irn

t oraqte requi red for the cornpldeto programn, inc Iud itinj aI 1 i raryv and(

1y /0 i-out ios, is just- over 46-, 000 (d'cjimal) wolrds . IntIeoer , 1ea 1

ti et ;mjlex var iabl es and arrays arc utilized.- Si sql e , dolubIlt and t i;r. 0,

dI~ttlSi otal data arrays are presont . Only siiq le prod sion vAriab;loS and

COm; 'Lt atitenS are re(]ui rod withi the( (4)-bit word av i i ale Onl the Cyber '70

,It ih oro a Tech.
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Mi s cCommaiknd, March 11073.

F. B . LJoy, G. K. ltu-dd lost ott, 11. L. Bassett and C. L. Gorton,

"At.ity: ;i!; itnd Evalu atio ottf Radomoc Mterials and Cotif i qurat i ots

kr Advancedl ff Seeker;"~, Con tract DAA11t)1-7 3-C-076') , th'ce,tfIcr

0*0



3. E. B. Joy, G. K. Huddleston and H. L. Bassett, "Multi-Purpose

Missile (MPM) High Performance Radome Trade-Off and Development

Study", Martin Marietta Aerospace, April 1975.

4. G. K. Huddleston and E. B. Joy, "Development of Fabrication

and Processing Techniques for Laser-Hardened Missile Radomes;

Radome Electrical Design Analysis", Martin Marietta Aerospace,

April 1977.

5. G. K. Huddleston, H. L. Bassett and J. M. Newton, "Parametric

Investigation of Radome Analysis Methods", 1978 IEEE AP-S

Symposium Digest, pp. 199-202, May 1978.

6. S. Silver, Microwave Antenna Theory and Design, New York, New York:

McGraw-Hill Book Company, 1949.

7. D. T. Paris, "Computer-Aided Radome Analysis", IEEE Transactions,

AP-18, no. 1, pp. 7-15, January 1970.

8. G. K. Huddleston, H. L. Bassett, & J. M. Newton, "Parametric

Investigation of Radome Analysis Methods: Salient Results", Final

Technical Report, Volume I of IV, Grant AFOSR-77-3469, February 1981.

9. G. K. Huddleston, H. L. Bassett, & J. M. Newton, "Parametric Investi-

gation of Radome Analysis Methods: Computed-aided Radome Analyis

Using the Huygens-Fresnel Principle and Lorentz Reciprocity", Final

Technical Report, Volume III of IV, Grant AFOSR-77-3469, February 1981.

10. H. L. Bassett, J. M. Newton, W. Adams, J. S. Ussailis, M. J. Hadsell,

and G. K. Huddleston, "Parametric Investigation of Radome Analysis

Methods: Experimental Results", Final Technical Report, Volume IV of

IV, Grant AFOSR-77-3469, February 1981.

7

• , ~



Chapter 2

PROGRAM PTFRACP

2-1. Purpose: RTFRACP is a Fortran computer program used to analyze

thL. eff,.cts of a tangent oqive radome on the performan., of a mon o-

pulse aperture antenna. It consist5: of a main program an 1 34 ;ub-

routines. It uses complex arithmetic and require- 571-21 cctil

words of core memory f,'r txcut ion on th, cI (' Cyh, r 71, : ytt-m (i' -1it

words) at Georia Institute of Technology. Exu<'ution tim. to com-

pute boresight error on the Cyber 70 is approximately two se-onds

per look direction when the antenna aperture is represented by

16 x 16 = 256 sample data points. Execution time to compute tran!;-

mitting and receiving patterns and apeiture near fields, and to

,Cni'ut( thL, necessary Calcomp omnands for two- and thr,,e-dimhlSlona l

plotting, is ao prcximately 35 seconds for onre look direction.

Tb, , niut(r-,idt d r t lo il a '1 s 1; 1 . . , . vil,1  ,(n'luit ion

based oa tl, Lorentz reci! rocity theorem as .ies,'ribed ,arlier 11,21. The

voltage produced at th,-. terminals of a linear antenna by an in, ident, plane

wave is given by

V (k) (E x H - E x H ) n da (1)
R =fT -R -R _I'

where E T, H T are the fiold.; produced on the surface S enclosing the antenna

when the antenna is transmitting; ER' HR are the incident fields produced

on S by the incident Itan, wave or porturbations thereof; k is a unit vector

which points from tht alltit(rntia to ward tie dir ection from which tlie I lane

wave arrives; and n i ; a uni t. v(,oc tor hernial to t he surface S and po i tit i ti(

*2)



,utwdtrd. Tht, ft-lds ET. are take.n to be those produced in the planar

a['.rturt whtiri the antenna is transmitting in the absence of the radome.

Tht- qt omutr icail of tics apj'roximaticii

Ifr 9 -'r (2)

II isd t o Iki,-rato t 11 - maiti t i t f i,-1 d ini t het ap erture f rom the.. aperturi-

i 1 im i atLion a c i f it d ky L12 Rays art, traced from each sample p)oint in

t,,irt urn in th. al roction k to t hk inne~r radome wall. ViTe plane wave.

1t t r~aISMI es ioni cocffic i~ ts as determi ned by the radome. wall confiqu-

r'st I-:, nh' anql , (,f inv i donce , and the. li f incidence,. The, individual

1nt r ih11t ,1i: art .;uttimtdA ul a!; indicatted in Equation (1).

Th, iram t,.: i()f tli, t anqrit~ oqive radom art indicated in Fi qure,

Th.Ii ,iii ,IA. d~ diamtl ,r D and fintoruess ratio F de-termine th(

l I i, to~~i 
o siti

W;5 05 )

iihi Ii it I u 1,tii i tir t i,, ii - idt dimeni ons; viz.,

I L. /1(4)

t ujrv~it ir, tf t 1 mit ijle walIl R IS gilVent by

1 ~ ~ 1 IT si i 2 Tart (2F )I(~
OS5



KA PLANE WAVE

ZR

ZBOT-

Figure 2-1. Tangent Ogive Radrne Geometry.



ndthe Himension B3 is given by

B P - D 12 (

The place-ments of a bulkhead (bottom disk) and metal tip (top' disk) call

spciic b ZBOT adZTOP' repctively. The thickness, dielectric

con.stant, and less tangent of the wall may also be specified for ui' to

N ' Layters. The radome is assumed to be a body of revolution with uni-

ferm wall dimensions independent of location. The dashed cylindrical

.;hapt, of a diameter D Clin Figure 2-1 was usedI earlier to simulate a las(21-

inducedc dekfect and is not pertinent here.

The, subroutine which generates the antenna ape(rture, fields repre-

uto ,o tyl es ojf antennas: circular aperture with uniform illumination

Anld anly one1( of four polarizations (vertical, ho-izontal, R11C, LHC); flat

i 1Pit- utt(.nna with taperedi illumination and vertical polarization. For

,tl P r titenria, tb'' fields are comp uted for on', of three selected channels:

. n11 'iut il di fft r-ik _Ae('Vation difference. Inputs include the number

.1 trn 1.N2 , N a nd 'h,_ apterturf diamett-r D l / , in wavelengths.

I 1,t nli,/t.idoml ori nut at ion is- 3, 'ci fled according to the para-

i. f in i I [ Pijur, '9 Tho mei 1, Met. thel plane of scan of

I>~Ir~til .i t I 'oj t to thb anltenna1, eoo)rdiiuatt System: ;l ()

'i tI r. 1 1 AT!'u Ifn l : I, 'r- lilt I r I I . a ti~ . 11 ' I o a at I ' h

,:I I



A
XR (ALWAYS LIES IN PLANE OF SCAN)

AI

APERTUREAZIMUTH PLANE
0 L OF ANTENNA

-PLANE OF SCAN

y

ZR (RADOME AXIS)
ELEVATION PLANE
OF ANTENNA

Z, ZA (MAIN BEAM DIRECTION)

Figiirf 2-2. Coordinate S-.';tems Us-?d in Rado-me Analysis.
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2kI =X A sin e + YA sin e + z - 2 sin 6 (7)1o0 A os A os

where 0) is the initial specified offset angle; e.g., 2'. The voltageos

received by each channel is computed and stored. The second return is

made to arrive from

k2 = XA(-sin 0os) + yA(-sine o ) + z / - 2 sin2 e (8)2 s A os A os

and the voltages are again computed. The data from these two points are

used to construct a linear tracking model in the two planes, and a direc-

tion of arrival k is predicted which will yield null indications in both

planes. The process is repeated until a desired error tolerance is satis-

fied or a maximum number of iterations is exceeded. Upon completion, the

output k indicates the direction from which the plane arrives which yields

ani electrical boresight indication. If o and 6 represent the boresight

e rror angles in the azimuth and elevation planes, respectively, then they

are related to the direction k = xA k + yA k + zA k byx y Az

k X

sin a =  (9)
1-k2

y
k

y (10)sin6~ 2

/- k
x

whie k =/l-k 2 _k 2 (11)
z x y

14
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Options are also p'rovided whereby principal 1,lane patterns as

shown in Figure 2-3 and additional outputs around boresight can be( com-

puted and printed. These options are useful when preparing software for

a new type of antenna and to ensure correct operation whenever curious

results are obtained.

2-2. Usage: Line No.

DATA APIN/.,., 47

DATA ZBOTIN ').tl/ 49

DATA RADIUS/ 1LE/ 52

DATA TIIETAA, PHIA, AGAM3A/0.0,90.0,0.0/ 53

DATA NX, NY, NXE, NYE, NXY/16,16,256,1,512/ 56

DATA NREC, NS, MX, MY/32,16,16,1/ 57

READ (5,6) TITLE 62

READ (5,*) GRAF3D, GRAFSA, GRAFTR, GRAFRV, SUPPRS, IPENCD 65

READ (5,*) NFINE, NPHI, NTHE, DIAOS, RA, RR, ZTOPIN, FREQ,

OSANG 67

READ (5,*) LMAX, DMRAD, TOPT, RAPMAX, VAIRM, IPOL, ICASE,

N, IPWR 76

READ (5,*) DIN(I), EP(1), TD(I) (I=I,N) 108

READ (',*) FINR(I) (I=I,NFINE) 117

READ (',,*) Ill(1) (I=l, NPHI) 120

READ (5,*) THETA(T) (I=I,NTHE) 122

2-3. Arguments

a. Input-_. Units of irfurnents on input are distances in inches,

angkt;, in dir..:, m1 tr-u,, n y i qiht-s, uni :;; othIlrwi 5 noted.

/n it s of di 4 tt u l iout in , r. c,,ntir,ter;;, racdils, md

1'ld



E=elevation component

y CI azimuth component

x

0dB

108 0 108
-40dB II

OctO > 0

Figure 2. 3 Coordinate System for Far Field Patterns



gigahertz. An asterisk is used to denote those DATA arguments that do

not normally need to be changed by the user.

APIN* -- Height of a cylindrical base section of the tangent

ogive radome. It is no longer included in the ray

tracing algorithms and should not be changed from

its zero value.

ZBOTIN - Distance from base of tangent ogivq radome to

missile bulkhead (Figure 2-1).

-j kR
RADIUS* - The radius R used in the far field factor ( R

by Subroutine FAR. Do not change.

THETAA* - Angle a between z-axis and the position vector r; a -

to the antenna origin. This anqle was used in

earlier work to locate the antenna origin in the

reference system using spherical coordinates

(r , 0 , ri ). Do not change.S,< Chaiter 7.
a a a

PHIA* - Angle a between the projection of 7 A axis -onto

the xy-plane and the x-axis. Do not change.

AGAM3A* - Angle between zA-axis and z-axi s in Figure 2-2.

Do not change.

NX,NY - Intepo r p w.rs of two equal to the number of sampl e

Ijint!; in the antenna aj e'rturt,; e.q., 16, 32, 0.4,

Clingjing NX and NY niecessitates compatible

chanq. ! in Lines 16-18.

NXE,NYE - Int-,ger powers of two which specify the expanded

number of samplt, points desired when computing

thi, transmitting patterns of the antenna by

inv, r, Poori ,r transforming the, aperture fields.

17



Subroutine JOYFFT provids this capability of

increased resolution in one or both dimensions.

Changes in NXE, NYE necessitate compatible. changesq

in Lines 16, 20, 22, and 23. Note that N.\F*NYF:<NX*NY

and either rD62< NX or NYE NY.

NX -integer power of two used by Subroutinoe JOYITT for

dimension of complex working array XYFI2 T. Note,

t-hat MX*NX<NXY and MY*NYWNXY. ISee be-low fo r MX:

and MY.

NREC -Integelr power of two ecqual to the inmber of Iojnts

at which to corn)uto the recuivinog )att<rn in ,ith-r

principal plane. Thu receivedl vol-tage is computedc~

at poijnt.--; qually sp aced inl sinO' ,whe"re- is

the( ale11 measure.d from the( z -axis as i ndicalted

in Figure 2-3, where -sin 0, =-KMAX + (I-i) *2*KMAX/

i4KLC, und where KMAX s n 0 <1 .0.
max

Nu - 0, d ud. it was cr1 inal ty used b% Jubroutine

PLCI3S. Do niot remove.

m X my- Ifiteqer [oweIrs Of two ojqua to' theo magni1fi cation

factorsi desirea in t-he k and K, (17-1 lane) direc-

ti ens, respeeti vely, of the- tranismittinq antenna

a tt frs . Noth that the, re-strict ions MX*NY<-NXY

and MY*NY,-NXY must ho( obs erved. The data cited

OyO, indicaitcd inicrease(d res!olut ions inl the NX

di reel of MX - 'I d no mlaqo i Ii cat ionl IMY I) ill

th, NY di iecl 10. Cneutynote, tht

N'XE -MX* X A



TITLE A Hollerith string of up to 72 characters which

describes briefly the analysis being done. A

format of 18A4 is specified and should work for

machines with word length greater than or equal

to 32 bits. The dimension of TITLE (Line 31)

should be at least 18.

GRAF3D - A logical variable used to control the plotting

of the incident fields on the antenna aperture.

This feature has been removed from the program,

and GRAF3D should always be FALSE.

GRAFSA - A logical variable which (if TRUE) controls the

plotting of the transmitting power patterns of

the antenna as follows: E-plane sum, E-plane

difference equation (A EL), H-plane sum, and

H-plane difference azimuthiA ). The radome
AZ

is absent.

GRAFTR A logical variable which controls the plotting of

the amplitude and phase of the antenna aperture

fields in the following order:

EXT,, Ey., E XE, L' E YABI, XAA/ ,' EYAAZ.

GRAFRV A logjical variable which controls the plotting of

the receiving patterns of the antenna with radome

in the saine ordet as specified under GRAFSA above.

SUPPRS A logical variab]e which controls the printing of

nomer)u: r,:;ults as illustrated in the test data

in Suction 2-6 below. When TRUE, the printing of

these numerous results are suppressed. This feature

]Ii



MV01 evni L'nlt to iid inr debuiirinq iww portijon:;

of ;o ftware prior to makin rig r dUL't ion1 rUJI,;

IPF N~ CD Au 1 ri teqer var iabl1e which s cc t_ a jt-ii and pa; or

ter t-b* (Ca learn. This variabi, may ht, sy!,t-m

dej eniden t. For tht, Cyber 70, TI ENCD=00 yi,-Ida:

ial i oi nt pen and 11 wide plain paper; IPENCD 4()

yi, ia- a heavi or inlk poY and tho same papor.

,NHOTNI, - rit or vairiall e equl,1 to the 11Mm). r Of fi atm11

rat ios t,) be (onidtr(1 lor tht t aiiqct egIv-

radomka; e.g., NFINI>].

NP111 Irt in )pr variable equal to the( a urn) or af scan I aim s;

,,q. , NPIHP-11

0111T-Iitcr variable oqua) to t-he imuinbr of 111L]S

ill ach -scati lare at which to ocam; ute baoro a iqht

rrlietc. Note : Thel( program i a st up to

it raitl onT firineiwes ratio, scan I anf-, and scaii

areil ac eter 1.001', middbl leo) , irnd inner 10)0)

r,:;p e t i ve Iy. The(re-fore, for awh of NFINE fin-

Tm a; rtA n, P.anal ye i! wil I 1 e dams( for NTHK

D), T tea Rk vairiabite equal to t Is oUt aideL base dialmeter

i'. ) of the( raollwme. See Fiqlir, 2-1.

RA RePm] variable equal to thfmdi;tince (ill.) from

th-(Iinhl pitL t th aternaaperture.

PH - ba) va ri all e qual to the distance (in.) from

thf is imbal poi Ilt to the base of the railome'



ZTOPIN - Real variable equal to the distance (in.) from

the base of the radome to the face of a mtal

tip on the radome.

FREQ - Real variable equal to the frequency of operation

in gigahertz.

OSANG - Real variable equal to the offset angle in degrees

at which the first target return is to arrive on

the antenna; e.g., OSANG=3.0.

LMAX - Integer variable equal to the maximum number of

iterations allowed by Subroutine RECBS in com-

puting boresight error; e.g., LMAX=5.

DMRAD - Real variable equal to the tolerance in milliradians

allowed on computing boresight error; e.g., DMRAD=O.l.

IOPT - Integer variable which selects the polarization

of the incident plane wave as follows:

1. Linear, elevation component

2. Linear, azimuth component

3. Right hand circular

4. Left hand circular

RAPMAX - Real variable equal to the maximum radius (in.)

of the antenna aperture. See Figure 3-1.

VAIRM - Real variable equal t) the maximum amplitude of

sum channel received voltage without radome. Any

real value can be entered for this variable since

a subsequent program modification (Lines 326-328)

causes VAIRM to be computed automatically.

IPOL Integer variable which selects the polarization

of the antenna when ICASE=l according to tho

21



same code as used above for IOPT.

ICASE - Integer variable which selects one of two types

of antenna apertures for the analysis: ICASE=l

or 2 selects a circular aperture with uniform

illumination; ICASE=3 selects a flat plate

antenna with programmed illumination. See

Subroutine HACNF in Chapter 3.

N - Integer variable equal to the number of layers

(up to 5) in the radome wall. For cases where

more than 5 layers are required, the dimensional

arrays on Line 37 must be changed to NN=N+l.

IPWR - Integer variable which selects the component

for which to compute the transmitting power

patterns as follows:

1. Elevation Component

2. Azimuth Component

3. Total power

DIN,ER,TD - Subscripted real variables equal to the thickness

(in.), dielectric constant ( r), and loss tangent

(tan 6) of each layer of the radome wall. 1=1

corresponds to the first layer and is the layer

on the exit side of the wall. Layer N is the

first layer encountered by the incident plane

wave. See Subroutine WALL.

FINR - Subscripted real variable equal to NFINE fine-

ness ratios.

PHI - Subscripted real variable equal to NPHI angles

(degrees) which specify the scan planes.

22



THETA -Subscripted real variable cqual to NTI anqles

(degrees) which specify the scan anqien; in tht.

scan plane.

b. Outputs. The parameters of analysis, which are comput '*d and

and outputted by the program depend on whether SUPPRS is true. In what

follows, it is assumed that SUPPRS=FALSF. so that all poss!-ible o'utputs

are obtained. Since many of the original input parameters are printed

directly, only those parameters not already explained aboVe- will 1),~ in-

cluded below. Additional clarification may be found in Section 2-0.

TABLE - Loqical variable which, it TRIUE, causes a look-up

table to bec used in computing transmiss ion coe ffi -

cients. When SI.PPRS=FALSE, an abbre-viated table-

of transmission coefficients of the- radome wall

is printed by Subroutine WALL with variables as

explained immediately below.

AN (;11. -Pt ail var iat,, -qual1 to the anqg 1 ef i ncidence

(ie~rto)of t In plane, wave on j plain. Jeet of

nfIinit, extent lavi n~i the laye red confIigCurat ion

spec fied for the radome wall. The entries in

thc tablc are- computed at 25)0 equal increments

in emi 0 but only every fifth result is printed.

TPERI ,TPARI- Complex variables equal to the voltage insert ion

transmission coefficients of the sheet for the

two cases of E.i perpendicular to the plarnt of

ixicidonic (T )and E parallel to the plant of

i nciltnct' (T h In the printed table , the

power transmission coefficients IT1 i are-

23
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Al", II ' t -,; 1, 'lin i .i1i- it , 1 O w p r.

Vena in, I~ T Itd

,' ,i t R~. 11 i, f t Is 1 c ;1

Ac do to uX.A i kA.,xA ~-

K MA ~ ~ ii k-t I ir ia I c.s i Ik ili t f I. di. 11 i. qleA -r U AI : r >

(I with I;m Idbc e.,ua t h a;,, t t(

of *(ji~ toe prnipXA 1-i -ttt-rn af -r X ma.qtifi-

diat mc,~ furWI a I eap-I rIenolI ut ion IX INMAXN V

(M*X )n NU;Y 1, , I (albe L te iln

K X K YM k- IKYaX*NYE/c (MYa toY and fa , I d to In av <I atm

o f t I iI, y r , tie L x; i a 1 di i a t t~ io N. , 3 anft d. ma g i f -4

ion foo(t ot MX are -letd s() Ihat KXM-KXMAX.

Al! o, MYI- arid Myl aro usjual I y -tleeted So that

KYM< <KYMAX.

MIN, MAX Reajl vatrialbles equal to tht. minimumn and maximum

vAl ue . of the, ampl itude of the comp-lex arrays

coot'a i in;) thet aperture tie Ids; I.; pvctnned 1)y

Subroutino, NORM in preparition for - 1)1 potti ng

bys uru l11

AA..



ROS - Real variable equal to the radius of curva-

ture of the outside shape of the tangent ogive.

radome.

POS - Real variable equal to the distance B in inches

defined in Figure 2-1.

FINOS - Real variable equal to the fineness ratio of

the radome as based on the outside dimensions.

FINIS - Real variable equal to the fineness ratio of

the radome as based on the inside dimensions.

Th- following variables are printed when the receiving patterns are com-

puted and printed:

ICUT - Integer variable which defines the E-plane (ICUT=l)

or Hf-plane (ICUT=2) pattern. See Figure 2-3.

ICOMP - Integer variablo which defines the field component

of the plane wave incident on the receiving antenna:

ICOMP=l for elevation component; ICOMP=2 for azimuth

component.

KMAX - Real variable equal to the sine of the maximum

angle off broadside for which the received voltage

is computed.

NE - Integer variable (power of 2) equal to the number

of points at which the receiving pattern is com-

puted. Thc pattern is computed at NREC points

spaced equally in k xy=sinO according to Akxy

2 KMAX/NREC.

DK - Real variable equal to 2*KMAX/NREC.

25
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DAZ, DEL -Ainl-litude and phase (degrees) of tho complb-x

voltages received oni the A A'nd AE (taflfl( 15,'

respectively, for target return k.

ILI TE SLPI- Av, raqu valutes of the monoi ul ;t, (rror s I!

(Vo tjdere )in the azimuth mid (,It vat ion)

cnamnI al, re &p. ct ivol y, (!btainrId by a line~ar

alIi roximationr of thf. trackinq fIoirsIado

L - V ~Ut . AN(s ; Amirad. F'') rr;

JTA. ' VkV I . , iX-pi, ls

A I.



b. Supporting Subroutines. Thirty four supporting subroutines

are required by RTFRACP. The purpose of each one is briefly described

below.

(1) HACNF--Computes complex vector aperture electric fields

of antenna for all three monopulse channels at NX x NY

samrle point s.

(2) ORIENT--Computes matrices ROTATE and TRANSLate ustd for

coordinate transformations by Subroutines POINT and

VECTOR.

(3) POINT--Transforms a point P(xA YA' z A) in antonna system

to tlt, sam c'int 1(XR' YP z R) in radomc coordinate s'/stom,

and Vice Vt r1sa.

(4) VFCTCO--Transforme a vector from radome to antornn- coor-

,tirat,. nyst.m, aiid vic,, versa.

(I) INPW--C A. i t1it r-ctangular tIl ctri- fie-ld cern: ; n nt s

oAf a i'ln, ".''v- L:e J. ,'At from tl, lji, t i( t,, P in i:,t, 1!1,n
A

1 I it, l.r ' I W I(I ( , I i t, I i t I . t
X ' "

l i t t I i k (kI
+ + , I i 'It t 1, r k ~ k , ir k I It- I ' 1 ' , ; I'i + F

,,'

ilk



dicl1ectric wall with unit inner normal 11. The unit vectors;

F_, n are used to resolve the incident planie wave illto Vector

COMponen01ts perpendi cul1ar andi paral11 e to tiht plank, 't i n i -

deuicL , and to determin the anyle of icdencc. iNXzIT i I

Suhroutines WALL and AMP11S.

()WALL--Computes the voltaqe inusertion transmi ssi on co-fti -

cients of flat panel model1 of the radomc waill as fuiicticni

of the sine, of the incidence angle.

(1.AXR--Com1 utkes real vector cross product C = A X B.

(i) CAXB-Compute-s the complex vector cross product C = A X B.

P1., REBS---Computes boresighit error-; of antenna e~nclosod b~y

the% radomi, fer the spe-cifie-d orientation, fineness ratio,

-tcQ. RECBS cal Is Subroutines INCPW, RECM, and AMPHS.

(1 3) RE:CPTN--Comj utues receiving patterns of all three( channels.

RI2CP'l'N callIc Subroutines INCPW and PECM'.

(11 oGvl;-cejutccpoint of intt rsect ion of ray and ogive by

I v n a uattj 1111ult ioen. OGIVL calls Subroutine CBT

aild XY.

,-'*nil lit iu r ool wi t 1) t ,t for negat. i ye argument.

~ .Il~.-,iwi lit. t h, 'uTi 1 t swa rd normal vector to the 091 ye,

1- - ; I iiu.i, SVE to compudte the XR and V Rcorln-

*.~ct I t~rcct enof a ray on the

~ 1 1 t 0i11 of I ray uld

ii' t I it; 1 'l I khtead i ris-i d' t he

66'a



(2)BthISMN-Comp utu!; nflit normal -ewctnr to lul khiria (n1 = -

I2) TDI5K- -Cumfl1p tc S th.o poin4t of in tersection qtf a raox' aosi

(-'A 'P1)1 52-Cont) ut, l; Lnit vormai v( rt or tn o tai t i ( ri z

(23) PAYR--c,'nj ut-o tI m Irt it 1d 1,16 (f r i, t t,~ 1 it m

~~nrnwiv ,t x oYsy ci3r A 0k,k ), A 0k,k J'. f
x V x

( A MI I -- CoITI COP)! I, Lcoda r 3 ronr I-- rjoo to

onrform. ;Ui uhrut Ill, Ilt ili c- thn

furlc ,ion ATAIi-o Ttl u anI it lid" i rduc. 'i l a (not

toilr~k it) ItU i' inl 3 0t thto raonnt

(25) 1)1'V--COnVUI t f n ,1rk tWo--d ir MlI (no Ir raoy f ron i n r

to Io0 a 1O1 it ~li( V -i Iuo oi U' it f 'ot I I rotain t' -4 j

(2(,) NORMII-Normal i . a two-di inc n -in. .-. in 01 array ti ol

botwon 0 od 1.

(27) CNPLTf--Plots Sm t Uncuscon;ilal forf fin U alltC:1 01r

ox~at orni ot rstondiard o tt irn in coino

colcoTti co ;Ibot 2ulivtiinPii o! int h u

(.5 1)1- -VIol; Iby Yot1 cNILTHI ton ck,-)k w a. C tc 01 ct 01

aligle 1'.

(231) PLTI3DE--YPitch; throo-climcnsionai Ilots of tnc dot a in tilt

two-U inens iool realI array FIELD. PLTAA1ff coll 1;;Scbrojlit i ii-

PITT, NOWRI11 lt ow(-1 (it; tilt- usual Calcor s U]l'rnuti1nn

I 3 t k~ f i 3d qi i , t , i n PL niiito in viiio7 i



1 . . . ..d, .m , *1 tv l' 1,11, A

I I V. Ii
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Linies 40~-4 2 : bc Iar, name Iisti for prin t. inq data. Th(*se

nameits ts are no 1 onqe ,r used e xcI: t for 091515 ionl1

dch.b1niq I'l 1-j u( 'ore

Lines 43-5 7: Set data in DATA statements as described above

inl Section 2-3.

Lines 61-6S2: Set SMAX and VMAX to unity to preve~nt division

by so

Lines 03-64: Read :ind \'r it e TI'LE aceordi nq to, 18A.1 foiina t

Li tier e 5-67: R-.nif iiitt dat a uO i ug free-field format.

Line o : CORnII)'t " si no of the of fset angle 0 U

Line 6-o): Set TABLE=LALSE so that normali zing factor VAT RN

("I b' complited (ILnw -3. vial a cal1 tI

Subrou~ 1nes RECM and RXMIT. In the latte~r, rPABJE.

FALSE causes T I, T 11to be set to unity as in the

case of tie radomk

Lines 71-75 : Write il ojut data1.

Li ne(:; 70-77: Read Ini tit dat a and net VATM R eed lessl v

Li n 71,- 0i4 : Commen to -xp Ia in itnq iNnut variables.

I inc 105 : Se-t NtN4+i - Niini) ,r of wail layers; p us one.

Linte 1 0(: ItnitiaIi:st l)INCII> total ohcns f rad-;iet walli

]()7~ V-1(i)): Read Wit I Ia jj adcomlpute total thIicktiess.

1,Ill I(): i'ompiitie IDlAiN- I oi ase dianmetr o)f thle radome

lionII I (epote iinije, s f the cetiter e lemetit of neat--field

a.d -16



Li i's 113-i114~: Wri te array dimensionalI data.

Li 11; -12-': Rcead fi iness ra H 0;;, ;;caili panon;, anid :coinIII; 0

Line .3 1 2 ('m,itte iaeeq l i i nelie;; and 'ijmItr.

comjiut e C1,

L.'' 17-1_1e,: c'all RXMIT and complUte tab, (it t iecsl.o-.ffi -

coint ; versus sine of incidenice iiq. fl i rst c:il I

to RXMIT bulx ds the table. Sulnsegutent all sU',( th-

table if TABLE=TRUE.

Lino, 12): Compute DAPWL= diameter of antenna apert ure in

wave, Ilngths.

Linies 130-131): Convert. variables in i nclies to centimeters for

input tW subroutines. Some variables are multiply

defined to avoid coirflicts iii labeled commruon; e..

ZT3OT and Zi. Note that DIACM is the inside diameter

of L he radome ill centime'ters;

Iite;1-10--14: Conlvert- angles from deoqre to radians using RAD=7i/1I80.

si P~ ,- I) : Comi ut-t near fields of three, chiants 1 mono u ise an;tenna

uisi rig Subroutine, 11ACNF.

Li no: I 0-ItO: Lt KYNIAX-KMAX, comp ute magnaified folding wavenUMb'rS

KXN1, KYM, in(] pinltro;lI

Lin; .1 -1 77: 111 i t tiI i -z( Cai I-nmp 11o t o r, i I regquired. The, comme-nted

ijiit i ii iz1it :; le.1-174) appies to the IBM 3(133

N I hill !;. I /e.o n i ito ploit th I wastr Lie ld, (tf t I

,lilt iini indi/o'r tie, tri;mfi tt iiid pri tie pal pI 1 nI ow, r



Lines 178-179: Initialize the maximum values FMXEL, FMXDAZ of

the E- and lI-plane patterns so that when used ii i-

tially as inputs to Subroutine FAR, the resulting

pattern will be normalized with respect to its own

maximum and FMXEL and FMXDAZ will be set equal to

these respective maxima. On subsequent calls to FAR,

the resulting patterns will be normalized with respect

to FMXEL and FMXDAZ. Hence, the relative gain of the

difference and sum patterns will be correctly dis-

played in the graphs.

Line 180: Iterate for each of three monopulse antenna channels.

Lines 181-190: Equate complex arrays EXT, EYT to the selected near

field and compute the amplitude NF of EXT.

Line 191: Assume transmitting near fields are to be plotted

(GRAFTR=T).

Line 193: Call Subroutine PLT3DH to plot the amplitude of EXT.

The inputs XSIZE=6., YSIZE=2.), HEIGHT=2.5 yield a

3D plot that will fit on a 8!" x 11" report page.

The inputs NF, NX, NY specify the real array to be

plotted and its dimensions. The input NMZ=.TRUE.

directs the subroutine to normalize NF so that its

values be between 0 and 1. The input LDB=.FALSE

indicates that the array NF contains linear values

rather than logarithmic values (decibels).

Lines 194-201: Compute and plot phase of EXT on a scale of -180

degrees to +180 degrees. Note that Line 19e ensures

that the real array NF contains these phase values

.calud to the required 0 to I range.
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'-21t : R0el" tvpat amjd 1 tude, and phasu. 31D 1,,ts foir LYT.

Line 216': Assume GFA SA---T o tta t princ]ipal j Ian(, j'att rn

a rL' plotte'd

Lie 1': If ITP-3, (go to Line 243 arid plo(t 11-plarw att( rn;;

otho.rwi.s;e, pl1ot E-plane pattern,;.

Lill,~ .222: CallI Subroutinc JOYFFT to) calculate tlin ifiv(r:;n

Fourier transform of thre x A- comp oyn'nt of near field~

EXT to I roduce the plane wave sj ectrum XEEL from

whi-Ah thre radiation field can be- computed6. InI tile

process of computing the transform, Irovide increased

re-soiution from ,4X x NY 1olots to NYEL x NXE poi nts:

thiro-ugh the poirit (NXC,NYC) in the array EXT. InI

tin( K direction, tire planec wave spectrum is magn ified

by NY; it is maonified by MX in the k ydirection.

The( array FFTXY is; a working array.

Li r( .'2'3: Repeat for EYT to product theol )ant, wave sp~ectrm[T

YELL for the y A-component of field.

l'ine( _24: Cali Subroutine FAR to calculat'- the E-i'lano, elevationi

IPWR= 3) power pattern FISEL of the n-ar field at

!tjual sautpllt' ill sit( over the- rainge (-KXM, KXM -AK).

If FMXLy -''1 (and it, is for IPt-1) , normal ize. FFSEL wi th

re Sf ; t to it n ownl maximum.

I. i. .) : Ca 1 1 Sul r' ut it ne PV andl contve rt the power pattern

t- df, ih' 1! n)t In. aI of 0) to( -h0 ill.

in .7 2ei Li'11ai('s; inl F'1SE'L to tin raOotjc of 0 to I for



Line 231: Call Subroutinc CNPLTH and plot the power pattern.

If KXM<l, the pattern is plotted over the angular

-i
range corresponding to sin (KXM); if KXMI, the

angular angle is (-90*, 900). Subroutine CNPLTH

actually plots conical cuts corresponding to

k = constant or k = constant as specified by inputsx y

KXC, KYC. In the call here, KXC=KYC=O so that a

principal pattern is produced.

Lines 232-236: Write a figure title for the plot and establish a

new origin for the next plot.

Line 237: If IP=2, the E-plane patterns are finished.

Lines 238-242: Since JOYFFT changes the input arrays EXT,EYT, it

is necessary to recompute them so that increased

resolution can be obtained in the plane wave spectra

in the H-plane.

Lines 243-258: Repeat computation and plotting for H-plane power

patterns.

Line 260: Iterate the radome analysis for NFINE fineness ratios.

Line 261: Set FINE = outside fineness ratio.

Lines 262-266: Calculate and write ROS, B, FOS, F as defined in

Figure 2-1 for the radome geometry.

Line 267: Comute RDML = distance from the base of the radome

to the theoretical tip on the inside of the radome.

Lines 268-272: If ZTOPIN<RDML, the radome has a metal tip, and a

message is written to that effect.

Lines 273-283: Compute parameters needed by Subroutine OGIVE to

describe the radome shape. R and B are in centimeters

37



arid apply to tile inside dimensions. AP, the height

of the cylinder in ctnrilmeters, is riot used. RTSQ3=

square of the radius of the top disk. RhSQ= square

of the radius of the beot t,)osi disk (1bilkhctad) . Tlht

othier variales, BSQ, RINV, RSQI , RP, anid R.P.U, are

precalcula ted hLure to :;p-cd la ter comp utati ons in

OGIVE.

Lille 28Compute convers ion factor DPMR for converting mil1li-

radians to degrees.

Lines_ _186-28,8: Initialize the "last" values of boresight error in

azimuth (AZL) and elevation (ELL) anid the "last"

value THlL of scan angle. These variablcs are used

later to comlpute boresight error slope in degrees per

degree from the !resent and last values of boresight

error.

Lines 2i 8:Write title for analysis re-sults.

Lines L91-21)3: Wii tc parameters of radome wal..

Line- 21)4-_(j6: Writ(, headinq for table of horesigjht error and gain data.

Lines,, 2817-3o1: Write this same data to logical unit 7 for subsequent

s torage( as, a disk file,, if desiredl.

Line. 3o0): Iturate the radome, analysis for NPHI s;can planes.

IA-wis 310-312: Compute j in radlians as required by Subroutine ORIENT.

Line 31 3: Iterate thc ina] ysis foi NTEIE scan angles i n each

scain lainc.

Lie;314-1: Compute 0 in radians; as; recfuirebySrotnORET

Li n. 317 : -ll I Subroit int, ORIENT and comp ute the rotation matrix

ROTATE- indi t rans 1ati en matrix TRANSL requi red for coor-

di natt, trains format ions us;ing Subroutines POINT anid VECTOR.

.3 HAmr



Line 318: On the first iteration, TABLE is false so that

the maximum amplitude of the received voltage on

the sum channel is computed without the radome.

Line 319-322: Set the direction cosines of tne incident plane

wave so that it arrives from the z A direction.

Line 323: Call Subroutine INCPW and compute the rectanjular

components PWI of the incident plane wv aving

polarization specified by IOPT.

Lines 324-325: Set TSUP=T and TABLE=F so that an air radome wall

be used and so that printing by Subroutines RXMIT

and RECM will be suppressed.

Lines 326-327: Call Subroutine RECM and compute the complex vol-

tages VR received on the sum, difference elevation,

and difference azimuth channels, respectively,

corresponding to VR(I), I=1,3.

Line 328: Compute VAIRM=IVR(l) I.

Line 29: Set TABLE=T so that on subsequent iterations

VAIRM will not be recomputed, and so that the table

of transmission coefficients will be utilized when

RXMIT is called.

Lino 33(): If StMIPRS-F, compute and print the E-plankc and H-

plane receivinq l,(ew,-r patterns of the antenna with

the radome in place.

Lines 333-334: Iterate in J for E-plane (ICLT =I) and H-plane

(ICUT=2) patterns.

Line 33%: Set the desired far field component.

39)
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',ines 336-337: Set KMAX=sin ( W) 06 If KXMAX, as comi ut(
max

by I1IACN F, i s Iles s thIia n KMAX, thII( Ii u o thIei sii I

as the maximum angle. in the principal plano it

which to compute the pattern.

Line 338: Set the( temporary logical variable TS1;TP=~T so) that

printing will be suppressed.

L i no:; 33 .- 1-4,,: Call Subrolut inc- RE]CPTN and comj ut to I s coml 1( X

YC Ve-d VORItaJt; ; or, -ach of thr*.( cliants 1, tt !;RIX:

points over the ranqcc (-KMAX, KMX - DK).

Li no; 341 - '14-1: Increase( the resoluti on and print iroul ts for al I

threeo channels. Do niot print results that are

known to be identically zero.

Lines 34-l')34(,: Transfer the- received2c voltago- ini 't ont-iir in riiO 111

array VREC.

Line, 347 : I f NIZEC>NXE , the r is no nc d to nor d'Ih,

recol;(utionl.

Li 1) 34,i: Ca I I Subrout inte MAGITT to i hr ci recol ut i a.i f

VREC:( from NPFLC poi it)) to NXE p'into;. Tich o t

Cojji ,i Ill CoM11lX .V XYI'F 1 1 1,111j Lt

Lines 34 )-3f : Comput, linbear p'ower pattern.

Mil n V 34: Sel oct. NXX-l argr of NXE and NPEFC.

Linets 33t,:Write he adingi for printe d result; from Sultrout ino

K!: C 'I id tnoNORM t i'iii I' t Ii 1JXX viui,! ill

ra I a rray MIVRdC to be ht-twcon an 0td oil. Ti io

i nput argument, LODB--.IFALSI:. ;i no, the( va luoc" areot

4 o



Linte 3)K: Cal I Suh-it III, DB-th t.. -,qver1t ii' poW~t I t 1.1!4

In MVRE( to le:lb, 1

Lire ; 3)'% - If, : Wri t . o r - t i 1tli g 11( I.:-; I r. ', H--., .ir,

L, ne 3,1: '(m;iuto the Increment in ;iP' it Wll, 'h t t# W

pat t.rn tis ,-en eomputed and r,, 1v,-d .

Li nes 3,2- 1,: Sca Ie the ',ower iat torii t, hyiv v iIL, .; I- twer,

1n I 1. If SUP11P=t", -()on uto th, ail, < ANLk irid

the ph ise (, the pattern, rd 1 rint t ht rt-eult.; tl,

( very fourth anqle.

Li ne 37-: I f SRAFRVT, I lot the receiving p owei ittt-ir1:5.

Lines 373- 17K: Call Subroutine CNPLTH and plot the. receivinq

at t I[IS turIn. Write an ap ro riate figure

t t, followiici each pattern plot. Re-origin the

[,iot ter yenr for Subsequent plots. The result of

Lines 130-383 is four principal plane patterns:

E-plane sum, E-plane AEL' :-lane sum, H-plane AZ

Lirnw.84 3-H,: aIll Subroutine PECBS and compute the boresight errors

AZT, ELT in the azimuth and elevation planes of the

anteni as caused by the radome. On output, the real

array KA contains the direction cosines of the last

target return and, hence, gives the true direction

to the targeL at the time that the tracking functions

in the azimuth and elevation planes indicated the

electrical boresight direction.

Line 3k7: If this is the first iteration in scan angle, do not

attempt to compute boresight error slope.
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t t 1' 1,ant'" V I w. t ooz -,; i q t ,-rt)rs and ti,

aniJ1' u'1 11 inI ; 11. I 0 ''1 'I 1

I I t . I Ia IM

'in Iw C(uMj Utt 1 S); I i Il n~x I In yin, 1 t 1 i t :!1 ti., (1it

c ii1in .i iu. i, ) ti-vI hiflr, ;.

l..i n' 34'J-.) Writ,, rsults to P 4i l iOiit k, i-,II 7.

li rn . 3'- -4 , Writ,' mixilui an pmJI Ltudt- ()f ree ivLd u v ,tan,

VAIRM witi )ut radome.

Lin,' 4 )1 : rtrminate plot t inq software..

STC P

END

-, . Test Cases

Four tlnt casCs are I resented in Appendices A, B, C, and D to

,ILk.: nstrat e correct pc;'ration of the radome analysis comp uter prograid

Alptndices A and B i resent the test data and results for a

circularly (RIlC) polarized antena and five-layer tanment ogive radome

at frequency of II. 8t285Glz ( A= .0 inch). The diameter of the aperture

is I1. 8.1. The outside diameter of the radome is 16.267 inches. The fine-

ness ratio is 3.0(. In Alpendix A, the program is exercised without

plotting, and printing is minimized. In Appendix B, all plotting and

printing options an,, exercised.

Appendices C and D present the test data and results for a vertically

polarizfd flat plate antenna of diameter 5.1902A. All other parameters of the

analysis are the, sam, as in Appendiccs A and B. Appendix C contains the
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Chapter 3

SUBROUTINE HACNF

3-1. Purpose: To compute near-field aperture distribution; fL:r t(w,

types of three-channel monopulse antennas: (1) crilcul'ir ; --

turc with uniform amplitude ind phase distributic)ns; ( . I it

plate antenna with a programmed amplitude distrifution trid u. -

form phase. Four polarizations can be sclo .,ted for the circular

aperture . The flat plate antenna is vertically (yA) oai-Oiic

only.

3-2. Usage: CALL HACNF (E, NX, NY, ICHAN, IPOL, IXY, DAPWL,

D)XWL, KXMAX, ICASE)

3-3. Arguments

E - Complex array of NX by NY elements which, on

output, contains the values of the specified (IXY)

rectangular component (xA or yA ) of the electric

ti<Id distribution over the specified ([CASE)

aritetna aperture having the specified (IPOL) pola-

ri;'ation for the specified (ICHAN) channel of a

three-channel monopulse antenna.

NX,NY - Ev n iitL,(]j r number of points in a rc ctangu1ar

arr,; at which the aperture distribution is corn-

puted in the xA and yA directions, respectively.

The loint I-NX/2 + 1, J=NY,'2 + I corresponds to

'A ' A

17

| ,, -°. b
" " = - i i II | | i I I Z&



- '~ V.iflI, I,1,.,

F! I .2.1 V

I v i .1

V' N" I I. v I], ~V u- o r

X,* o' i i' !,l~ il ,; rt un hct r 2

:,i In~ t. j~ih'I, 1 a .n t: ( . 7t1, a tu.rii~i oil rturt-

- ::..I iirq, in w;I v, itt,; h, two nt l-arnj1 eo ni al r

UP, ill x A 'Ild y Alrctin (outI ut).

N, - ax i tin .Ll v. I u of niorma .,,,~d wlavtnumnbor coPr: nspclidi noq

M\A X D.(u XhWL) (outj Ut).

VAS - I-r>J control vairialdh haivitq valuc,; I or .tlo

u1 t' A 'I Ir-ul at IjvIot Lirc i; int la, wi th ui form

iti t 11(1t 11IL', 1 ' I f TCA1 VI - 3, a lat i 1.1it c

aII t titi haiii dj 1 P )qrYAPMm d irnp Iitude di sitri hut inn

Ta Ic 3-? ith v,,rt ic-, pooari zat-ion is 'It

NY-

4V



b. The actual chaie of the, circular apertur,, ac; aj i ruximal-,t i'

a rectangular array of samplte points, is shown in Figure 3-1 fcar th, uc -

of NX= Y=-IP. Row I aid C,lurn I of the array contain null l,m,,ntL. TI"

elements inside and on the boundary of the aperture may contain non-zero

values as shown in Table 3-1 for the various cases when ICHAN=l (sum

eianneL). Note, Chat specification of D in Figure 3-1 determines the

sample-g iacings according to

DA .cosa DAp cosa

Ax = Ay A  - _ (1)
A A (N -2) (N -2)

x y

-l
were at 'Tan (2/7)

The aperture distributions for three monopulse channels are formed

by phasing the elements in the four quadrants of the aperture appropriately.

Th, sum channel distribution is formed by assigning equal phases to all

elements. The azimuth difference channel is formed by multiplying all

.'lnUItnts in Quadrants II and III of the sum distribution by minus one and

1,y z-eroing all elements along x =0. For the elevation differoncc channel,A

2uatrants III and IV are tngated, and all elements alonq the lint y A=0

S!de' ,r for ;vmmntry reasons.

'T- I lihi;inqg len mo i, a tracking ait(nna 111d J'rovidos outl uts

in two orthogonal channels from which the direction of arrival of a target

r t irn can b e mathematically determined. Let k be a unit vector which

oeint from the anteni.a origin toward the direction from whence the plane

wav, ( t ar(,t return) ,manates; i.e.,

- -4
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Tab I e 3-1. VIA o of Non -Zero El mnont s in Ci reul o Aj r tur-
(ICIIAN=1, ICASE-i'l or 2)

I POL TXY V I uo PolarizationTypo

11 (0 q~ jo) Vertical

t 2 (1 + jO)

1 1+ Ho lirrz-i ei I

3 W ( + ji) REEC

3 2(1 + j) 1

I ( + jC4

- I



k x Ak x+ y Ak y+s A (2)

1), fin> th,, trsk in 0 j funct ions for Lhis, I lano- wave as;

A. (1V , k
f. (K 'k - -_ 3)

1 x v 71(k ,k )
x y

I lerer('I r2sAnt:s thic output of the- elcvatioit (t or azimuth (a) di fferencu

Iniland . r(-prtss'n ts the' SUM Channe 1l output. The n for small K >0, t he
x

ha.of f is + 7,/'; for small k <0, th ihaso of f is -nl/2. Similarly,
ax a

tor small k ID,, irg (f u1r2, for small K <0, ary (f T/.2. ISC,

Ow ci Lang(e illaz by ni ill either channe I rej resents t he- bore-s igh t di ru--

ton of the. antenia , and t rack inq is done usingj the imagjinary part-- of

the t racking fune tij in; rat her than th i r real parts.

TllO :;haI 11nd samIjn~ijj ng rid used to mode) Uwt flat I a te a te nnla

I snow()w iii 'i qur 32 In Suliroat inc 1. Nthe, ift egrs NX and NY must

s~otts -qual Lt,, an' only linear imlarizationl (y A) is- appicable to the flat

tat atena(It'ASI:>-3) . The phas ij of the Four quadrants, is dome a

(.1 d lh s( tO mlodel the' thrkoL emonIo u I S channewl s so that tracking can

i mu latch. Note( tha t s'if ica t ionl of 1) Adeterminles the sample spacinq

Al

A A N
>0
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PIP ot-- ca hd~ P 'I~ cijIiL iii Fiq(uic 3-2' tor Litt i;um clipiilik2 L

mdl jui t, L t- tii I ill I t ud I i tII Pal v d L hL Pw 1 I Id d jl rt -1: 1

AAvAA A

It I .t t I. I I Pi I I, 1; and l~ i a' 1 1; a' d in
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Table 3-2. Symmetrical Amplitude Distribution for Flat Plate, Ant,:nni

Sample No. XA Amplitude YA Ampjlitud,

9 0 1.0280 0 1.028(

10 Ax 1.0280 Ay 1.028()

11 2Ax .)120 2Ay . 117/

12 3Ax .7959 3A 7

13 4Ax .6077 4Ay

14 5Ax .4194 SAy .4250)

1 1 6Ax .2097 6Ay .2125

16 7tx 0.0 7Ay 0.0
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field value zero (Line 40). Multiply the non-zero

elements by CFAC(IPOL) to generate the correct pola-

rization (Line 38).

Lines 42-43: Compute sample spacing Ax A/ and go to statement 60.

Lines 44-40: Error message and STOP.

Line 47-48: Flat plate antenna-- if NX L(,, write error message

and STOP (Lines 109-111).

Line 49: Compute sample spacing Ax /X.
A

Line 50: Ensure NX=NY

Lines 51-54: Zero all elements in the aperture. If IXY=l

(xA-component), go to statement 00.

Lines 55-62: Assign tapered ampli tude values to eight "evtn"

elements in Quadrant III.

Lines 63-71: Compute amplitude values for the "odd" elements

in Quadrant III.

Lint-s 72-75: Compute amplitude values for elements 3-1) along

YA=0 line and along xA- 0 line.

Lines 76-79: Generate synmmetrical dmplitude values in Quadrant IV.

Lines 80-83: Generate symmetrical amplitude values in Quadrants

I and II.

Line 84: Compute k xmax

Lines R5-89: Test to determine if the sum channel data generated

should be phased to produce the aperture distribution

for a specified difference channel (ICHAN).

Lines 90-98: Form aperture distribution for difference elevation

channel by zeroing all elements along y A= and

necating all elements for y A<0. RETURN.

6



Lines 99-107: Form aperture distribution for difference azimuth

channel by zeroing all elements along x A=0 and

negating all elements for x A<0. RETURN.

Lines 108-112: Error message for ICASE=3 and NX#I6. Comment of

DAPWL=5.047 applies to the test described in Chapter 2.

END

3-6. Test Case: See discussion in Chapter 2.

3-7. References

1. D. R. Rhodes, Introduction to Monopulse, McGraw Hill, New

York, 1959.

3-8. Program Listing: See following pages.
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Chaiptor 4

SUBfROUT'INE ORIENT

4-1I To, (nSJ utc t1wt rotational mat rix of dinro t i(i o) ii..

ROTATI: ifnd ti, a Vrais I ~t Lnal i ma tr x TRANSL t( U racrt :ar

coordinate and vuctor transformations betWer. Itura or".

s~atm( x I , :: and radomt- coorcliinatr :s r
A A t K

4--,. Vaj:CALL dETENT (RA, THETA, VillIA, RE, THETAP, 1Ii, AC;Al.'3A,

ROTATE, TEANSL)

'1-3 Ar, url r. f

RA, -Spiear ical coord ina ttu (cm, rdi~a i

T1 I I A Oricj in of tin' an1t('nna cour-dinl sa 'n ti

P! 11". r,io t to th ,i -fcrunc, (-oorO iiit( :5.

(x, ') dicaIto inl Vi qun 1-I. !Nt& tlint

tn i I, (! I o tI. r f( r IlI(' I;- T I c,, i c :; w t I

L- I T I'l I > is 1 1- ( tn Iaia s I, t i. x r c:

P P rn .ri1 t Tn. r s o I ) I a I: It fI

tt t2

x r)- I i I,

I. I I I i, 11 r -i x 'I I x I i I



rr r R

OR:(rr, r, d r '- R

/ x, ""YAW/

/ r/

YAA
• /

YAW. /

/

PITCH N

01

/ a XAI I

-- I~*' - 1 #A
> Cos - 3

- A

/ - /

L/// ZA

z ZR

Figure 4-1. Coordinate Systems Used in Radome Analysis.

Reference System: (X, Y, Z)

Antenna System: (XA, YA' ZA)

Radome System: (XR, YR, ZR)
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4-4. Comments and Method

a. The coordinate systems of Figure 2-2 are obtained from those

shown in Figure 4-1 by setting THETAA = 0, PHIA = 7/2, arid AGAM3A = 0.

When this is done, the z and z axes coincide, the x and x axes areA A

parallel, and the y and yA axes are parallel. The angles and 0 Lin

Figure 2-2 are related to 0 and as
r r

r p + 7 i
r p)

r L

The unit vectors xR , YR' z were chosen to coincide with the

spherical coordinate unit vectors r , 9r,_i associated with the point
r r r

0 (rr, 0r_ ); hence, x always lies in vhe :plane of scan as indicated
R r' rf r R

in Figure 4-2. This observation is important if the properties of the

radome wall are not symmetric with respect to rotation about til z R-axis,

such as in the case of circumferential variations in wall thickness,

nonuniform heating, etc.

b. The details of the coordinate system transformations are de-

scribed in Reference 1 and summarized below. The transformation of the

.(int P in antenna coordinates (xA, y A ) to radome coordinates (x R , yR

z ) is given by

P, x x

y R [t '] + T Y(3

z T

IL %

A73

41



''I, t acnsformat ion of a vector

-.*xA yA vA zA FzA xRFxR y Pe,' R (4)

is jivu ii Ly

xlk xA

F

InI tlu a:: oVw [P Iis the maitrix of lirect ion cou flh Whinch

r-i I es t In Inr t'a t io o IIf t- IIr radomo coobAii na t e vstc ini wt th res; I ct to tfit,

5Tlii s r-n Sile e I i ci n s Ia a t JO Kn f t I w radon- o r in C 1 wi tir

* , c f t u th, ori (j n (1of t ho antennal cyst K'O1. Tn faict, S(octj11; (XA
aA

,in 1:quationl (3) shows that (T1 , T T r .lr._srnts tillA x x

itt r~Li ladinK cyocrirAits 4, of the I n t nni Kr in .

T Lir"tri '1, 1 : '' A. 111, Jr (0 1e Ili: j% a

74



where

angle between xA and xR = Lx, x (7a)

t2 = L xA , YR (7b)

A3 L x A , z R  
(7c)

I i L YA XR (7d)

2 L YA' IR (7e)

3  L vA ZR (7f)

i L z , x R  (7g)

2 - ZA' R (7h)

Y3 L z A  zR (7i)

ThL inverse transformations are given by

x x T
R x

L RIf y~ - T(8
A Zj R T

75



xA xR

-A z

where JR, Idciiottc the(- transpoj; of JR. J c- R. I JR. I 1Since

rows anid col umns are interchanged. Also, inuo' [P. . I is a unlitary matrix,
1)

I ts inrvorst, i.-- equal to its transpost;,

To faci itatte the spec ificati on of a Particular enrtenina/radomu

~r ~s SV jr ,t e l froeccoordinate system ( x, y , z)is used. Trans-

Ce)mati on: i tn tht 1k-ft'rence system to tht, an tenina systum are describe.d by

x Ax - r asinlit) cos i

LA a a ralc ( 1 _

r x - r sirs sin4 (-10)

Y y - r sii no s I q

Pr r r

', i I In Isi ti t 1 I tat i o)1 ()f theit two, s:ystem " wi t h

t I ti ri. Wh1 these;( two spat t1WnsfOrm,1 1IS
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are combined, there results

R DC (12)

T x -x
a r

[T y l y (13)

wht-re X., Y- etc., ar 1:. ini Equations (1 c:d (11);

X r 11sint) cos a

* Programn FLow: &e ti:.j bt s. and comi az e dt !,-t t-o metliod

dt. s.crited alove . N,),, that in 7 the index I re irt-. nts thek row,

numis( r in IandI indcx j rke sets the col umn nupns. ,

4-(,. Te,;t Vas e: See Ji ::ssio 12I ii tier

,1 7.- Re ference

L. E . P . Jo)y an i ci ,. K. ! 1: i1 sto()n , (Ido me( E ffec t.s 1

P, r f or m, nice (of Cr c,: .2 - Ma pi n,: P ii. t Ted c ~ CI r t

Con tr aC L, DANAI IO-72 C - I A. i j'n 2: I l Comma nd,

March 1J)73.

4-H. Program istingy: !7~ fo 1 ci
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Chap~ter 5

SUBROUTINE POINT

l. urpoast: To transftormi a foint P in antenna coordiriates (x A y A zA

lu rdhlp uoordilltt ; (x ,y ,z ),and vi(:( vcrL;,x

L-.; >1.VLj( ', ATOP, T, PO)

tjii.; rrooci; ': , ( -)x X'( ) (2

- Log:, -iL in 'i v abl- 11 1O ~~ i' 't f

t ifr;frma t inn: AT();\ .TlF tol.t, il-t'-it

)1- )1 x -S I F 7 , l'

:.,.:.TA I i x i1- u;r ti : i. ~T. ',

P, : i i it) i-i-ay )f tlro ei itit nt i- rt~ 1 t1.

Ti-,vl,,:I array .n-j ut. 1U; . u~ut U n,, ORIENT.

.;,:I F l. 1. 1 . tui 1 (1: S uiL1rO ut i 1 no, (DET IEN T m u -t 1) 01 1 1'. 1 to

fj il I I to -il' F, !-it 'I mnl E'U ar,' avta 1 .1

11'i) . t i ORNLI'l n Cha(>5>5 t I

I -t v .11. Ii 1 ' 1 -



Tost Cast, St,( Chiapteor.
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Chapter 6

SUB ROUTINE VECTOR

o-1. PurjFose: To transform a vector F in antenna corrdinates to radomn

. )ordinates, and vice versa.

6-.2. Usage: CALL VECTOR (V, VT, ATOR, T)

(-,3. Arguments

V - Real (input) array of thrut- .lmets represunting

the rectangular components of the vector to be

transformed; e.g., V(1) = FxA, V(2) F yA V(3)

FzA

P,"1a] (outnuct) .rrv:v c tore ,']elefts YeVr sOD ti pj

] ~ ~~~~ ~~~t .' <: ,!!H1lt:ty c.', o ., DL-'. ; Ol tb,. "7,:iOY i~ti '

x

I - V - , ,J O 0 1 o -U, . t

I. . r i Ifl f I. i,~ t' T

Jw1

1IS.!
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Chaptur -7

SU13ROUTINE INCPW

--1 ur j s c To euml Alt e the roctanqul ar vector compon 1J t of thC

eI*tr j f ield of i :Iain, leetronagjn-,~ WavL I0 r I ,;0 Li, LL I.

di roet ioi -k and inocieit on the z =0 ji ane of thlaji n-ma o

diinatk Syste M, (Xwr A (x = y A z 1, Z ) is used a.a t a' niIL

7-.). sua q: CALL INCIPW (KA, ElI, IOPT)

-3. A ,True ts

LA - P,-a i'q tit arr.y of t~iriee-,Iei-n ts coftainin4~

Lh11, re io cos ilis ()f the dii -tion k Afrom

tst pleC lanew wave, rnanatos ; c LA (1) k C

KAI) A K:, 3) k where k x K +

A 7 . AA A W

.1:i p ttr or thr. e l(in nt.- ent a i rm.

Tf i ei

got' itI



=elevationcopnt

x

01~ >0

zE

Figure Coordinate System for Far Field Patterns



will see the tip of the E vector tr-o- out a circle in a plane of equal

Iphase, with the direction of rotation beinq .- Iockwise for righr-hand

circular and counterclockwise for left-hand circular.

). Spherical to rectangular coordinatt transformations [11 arc

useLd to define the rectangular vector components E , E , E in terms of
x y z

the transversc spherical components E , . Let r k x k + y k +

z K represent the direction from whence the plane wavt emanates, where

k , k , k are the direction cosincs of r = k. Then, with reference to
x Y L

Fiqure 7-I, there results

-k k - -- -
x + \yI - k + a (1)

/
/i- k K. - k

k -k
Z x

= r - + y(0) + z .

exzc t at k < 1, where ti, 1, , ,uatj ens i ,.c .

Ti} o' e .,nens Wr- thk, fi, 1 cI m;n , ijo fc til t .s i f

i t 1t are i mmari zed I ! Tahle 7-1. Ti -,ersqndiu,; r ,t-t ,.

' i t- jd I fa

( : x k)

- . 'I , it-itt u . ',,ja , ,, -r 'es.ni i In:- it i , I "

,,.-

'I
4. I' :'1 1 " ~ ll " : :I . .1 -
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Table 7-1. Rectangular Components for Four Cases of Plane Waves

IOPT E E E
_OPTx _Z_

22
1 -kxky A--ky -k -kyIs//1-k

2 k/i-k 2  0 -k /1 -k
z y x y

2 2,- 2
3 (k-k k e 2 )/A 2(1-ky) e 2 1-k 2/'2 (-k -k k e32)/2(1-k

z xy y y x yz y

.1 7F 1 .1T.1y 22 (lr22 (-k It k j 2 (1- 2)

j It 2) 2(1-ky

I -k It e-3i) //2(- e-2lk 2/ - kke3) -

7-6. Test Case: See Chapter 2.

7-7. References

1. D. T. Paris and F. K. Hurd, Basic Electromagnetic Theory,

McGraw-Hill, New York, 1969, pp. 8-9.

7-8. Program Listing: See following pages.
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Chapter 8

SUBROUTINE RECM

8-1. Purpose: To compute the complex voltages produced at the terminals

of the three channels of a radome enclosed monopulse antenna by

a plane wave of specified polarization and direction of arrival.

8-2. Usage: CALL RECM (PWI, KA, NX, NY, KXMAX, KYMAX, FGHZ, ROTATE,

TRANSL, SUMX, SUMY, DELX, DELY, VR, TABLE, SUPPRS, RSQMAX)

8-3. Arguments

PWI - A complex array of three elements containing E ,x

E , E of the incident plane wave. See Subroutine
y z

INCPW.

KA - A real array of three elements containing the

direction cosines k xA, kyA , k zA of the unit

vector k which points from the antenna origin in
A

the direction from whence the plane wave emanates.

NX,NY - The even integer number of sample points in xA

and yA directions used to represent the antenna

aperture fields.

KXMAX,KYMAX- Real variables which represent the normalized

folding wavenumbors corresponding to the sample

distances AxA, AyA according to Ax A=A/(2*KXMAX),

AyA=A/(2*KYMAX), where A is the free space

wave length.

FGHZ - Frequency in gigahertz of the monochromatic plane

wave.
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ROTATE,TRANSL- Real matrices of direction cosines and translation

distances used to carry out coordinate transfor-

mations of points and vectors from antenna o

radome coordinate systems, and vice vt-rsa. See

Subroutine ORIENT.

SUMXSUMY - Two dimensional (NX X NY) complex arrays of the

x and y vector compononts of the antenna aperture

fields for the sum chanhol if a ti~ree-channel

monopulse antenna. The element at I=NX,2+I,J=NY/

2+1, corresponds to that at x A=0, YA=0 in the

aperture. The general correspondence is giv-rn by

xA = - x + (I-1)*Ax = (I-MIDNX)*AxA max A A

= - y + (J-l)*AyA = (J-MIDNY)*AyA

where x max = AxA*NX/2 and ymax = AyA *NY/2.

Also see Subroutine HACNF.

DELX,DELY - Atenna aperture fields for the difference ele-

vation channel.

DAZX,DAZY - Atenna aperture fields for the difference

azimuth channel.

VR - Complex array of three elements which on output

contains the complex terminal voltage of the

antenna for the sum, elevation difference, and

azimuth difference channels, respectively.

96
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TABLE - Logical variable required by Subroutine RXMIT:

if TRUE, a look-up table is used to calculate the

transmission coefficients of the radome wall; if

FALSE, these coefficients are calculated exactly

for each angle of incidence specified.

SUPPRS - Logical variable used to control the printing of

results from Subroutine PXMIT:if FALSE, a table

of power transmission and reflection coefficients

for equal increments in the sine of the incidence

angle is printed. The phases of the complex

voltage transmission and reflection coefficients

of the radome wall are also printed.

RSQMAX - Real variable denoting the maximum radius of the

antenna aperture such that any point (XA 2+yA 2)>RSQMAX

is omitted from the ray tracing and summation pro-

cedure used to compute the received voltages VR.

8-4. Comments and Method

a. Subroutines Required: TRACE, VECTOR, POINT, RXMIT, CAXB.

b. Method: The voltage V induced at the terminals of a linear• R

antenna by a "received" electromagnetic plane wave E , H is given by

i the Lorentz reciprocity theorem as [1]

VR(k) C (E x -E x ) nda

S

whciu k is the unit vector which points in the direction from whence the

plane wave emanates and whlre E T H are the electromagnetic fields of
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the antenna as produced on the closed surface S which surrounds the

antenna when it is transmitting. The unit vector n is the normal to S

pointing into the region not containing the antenna, and C is a corn-

plex constant.

When the closed surface S is the z =0 plane, n=z , da=dx dy ZAx Ay
A A A A A A

and the integral in (1) can be approximated by

V R(k) = CAx AAy A (ET x HR y - E T y 1IR x - E R x HT y + ERy HT x ) (2)

im

where AXA, A yA are equal sample distances in xA and yA and where the rec-

tangular vector components of the fields on the ZA=o plane are given

generically by

E =-x E + y + Z E(3-T A Tx A Ty A Tz (3)

It is assumed that the fields E , H on S with the radome in place

are unperturbed by th, radome. Also, E is specified according to the

aperture distribution and polarization desired as is usually done in

antenna analysis. The corresponding magnetic field H , however, presents

something of a vexation in that a non-Maxwel]ian aperture field can

result if if is specified independently of E and Maxwell's equation

11 =VxEJ-jwp. On the other hand, specification of H independently of-4r =T -'r
LT is tantamount to specifying magnetic and electric current sheets in

the antenna aperture which produce two independent solutions to Maxwell's

equations whose sum yields the total fields. This latter approach is
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taken here when the geometrical optics approximation

z XE

H A -T (4)

is utilized, where n=.' / 377 ohms. Also, the magnetic field HR is

given by a similar formula

-k xE
H (5)

where -k is the direction of propagation of the incident plane wave.

Combining the results of Equations (4) and (5) into (2), and desig-

nating the origin xA=YA=ZA=O as the phase reference for the complex

fields, there results

VR (k) C- I j{[(ETx ERx Ty E Ry )(1 + kzA) - (kxA ETx + kyA ETy)ERz].

4, j 2r(kA xA + k y)
e - xA A yA A} (6)

* -where

xA kxA + AYA + ZA kzA (7)

2 2 2k + k 2+k = 1 (8)
99yA zA
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and where the exponential factor accounts for the phase of the incident

wave. It is noted that kxA , kyA, kzA are direction cosines of k; hence,

k zA=cos, where 0 is the polar angle measured from the z A-axis in the usual

spherical coordinate system. The (l+cos0) term in Equation (6) is charac-

teristic of the geometrical optics approximation of Equation (4) [2].

The other factors have been absorbed into complex constant C'.

The effects of the radome on the received voltage given by Equation

(6) are accounted for by tracing a ray from each aperture element Ax AAy A
^A

in the direction k and weighting the field E associated with the ray by-R

the complex insertion transmission coefficients T1 , T of the radome wall

as shown in Figure 8-1. These coefficients depend on the incidence angle

01 and the plane of incidence defined by k and the unit inward normal nR

to the radome wall at each point of incidence for each ray as illustrated

in Figure 8-2. The ray tracing is carried out in the direction k, and

the direction of propagation of each ray is assumed to be the same on

both sides of the wall, an assumption that mandates use of the insertion

transmission coefficients defined for an infinite sheet by

E (P)
. ~T = - 9

T E (P))i

E (P)

where the numerator in each case is the field at point P with the sheet

in place and the denominator is the field at the same point with the

sheet removed.
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Figure 8-1. Illustration of the Fast Receiving

Method of Radome Analysis
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T1 , Eill1 j a a11  / kn

Figure 8-2. Plane wave Propagation Through an
Infinite Plane sheet
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The ray tracing is carried out in radome coordinates (x R YP' ZR)

and transformations of points and vectors from antenna coordinates (x A YA'

z A ) to radome coordinates, and vice versa, are required. (These transfor-

mations are described in detail in Subroutines ORIENT, POINT, and VECTOR.)

Let (x A YA 0) be the point in the aperture from which the ray (line)

emanates in the direction k. Convert this point and unit vector to the

radome coordinate system. Find the intersection (x RI YRI' Z RI) of this

2 2ray with the inner radome surface as described by f( XR + y z) -constant

since it is a surface of revolution (Subroutines TRACE and OGIVE). Compute

the unit inward normal nR to the surface

Vf

S VfT XR nxR + YR nyR +  ZR (11)

and convert it to antenna coordinates

nR nA xA n\A + YA nyA z n zA (12)

Use nA and k to determine the plane ,)f incidence, angle of incidence, and

the transmitted plane wave E' H' (see Subroutine RXMIT) for this ray.

Substitute into Equation ((I) 1nd s um th, results to obtain the following

expression for the reeLived vo tage

k C" -(I + kA)(E + E E%. ) + (k P + k E Ty ]
R(k) A Tx Rv TxA Tx y Ty Rz

T' x v (13)
e1 -- x -(xA A yA 'A

. . .. i .1 -3
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where a sign change and r1 have been absorbed into C".

Equation (13) with C"=1 is used in Subroutine RECM to compute the

received voltage on each of the three monopilse channels. Note that the

received field E ', IH' at each point (x , y ,0) i. the same for all three
-R -R A A

channels so that three summnations can be carried simultaneously to maximize

computational speed. In each summation, only the data corresponding to

ETx, ETy for the sum, elevation difference, and azimuth difference channels

need to be changed. Note also that Equation (13) can be rewritten as

~'j 2v (k x + ky)V R(k) = T , [E (n H y- E'x) - E (" H'x + E'y)e j A xA A YA A
m y

(14)

where ri 11 1 H'x are given by Equation (5).

8-5. Program Flow

Line 12: Initialize the ray counter NRAY.

Lines 13-18: Compute A (cm), k =2w/X, AxA , Ay A, and the midpoint

of the NX X NY data arrays corresponding to xA0, Y A=0.

Lines 21-24: Set z A=0=PA(3) and precalculate k k and k k .Ao xA 0 yA

Transform kA to radome coordinates k R=xR kxR + yF kR +

R kzR in preparation for the ray tracing.

Lines 26-28: Initialize the summations VR(l), VR(2), VR(3) for the

received voltages on the sum, difference elevation,

and difference azimuth channels, respectively.

Lines 30-33: Iterate for each aperture point x =PA(1) ; precalculateA
2

XA and ko k xAXA outside the subsequent loop for yA'
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Lines 34-40: Iterate for each aperture point y A=PA(2). Compute

2 2
XA +YA =RSQ: if point is outside RSQMAX, omit from

computation.

Lines 41-47: Transform (xAYAt O) to radome coordinates and trace

ray to radome inner surface to find unit inward
A

normal n R* If metal tip or bulkhead is encountered

by ray, omit this ray from computation of received

voltaqes.

Lines 48-52: Transform n to antenna coordinates and compute theR

transmitted plane wave PWT=-(E', EY, E%).
j 2lT(kA xA +k yA

Lines 53-57: Compute phase PC=e - x k yA Y and apply

to E', E'E E'.

Lines 58-71: Form n H'=E' x k and use Equation (14) to add the
-R -R

contribution of this ray to the received voltage on

each of the three channels.

Lines 72-73: Increment ray counter and continue the iteration until

all aperture points have been used. Upon completion,

NRAY equals the number of rays used in the summation

for each received voltage.

Lines 74-75: If SUPPRS is false, write NRAY.

RETURN

END

8-6. Test Case: Ser, Chapter 2.

8-7. Referencos

I. G. K. Huddluston, 1-. L. Bassett, and J. M. Newton, "Parametric

Investiqation of Radome Analysis Methods," 1978 IEEE APS Symposium

Digest, pp. 199-201, May 1)78.
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2. Microwave Antenna Theory and Design, ed. by S. Silver,

McGraw Hill, New York, pp. 161-162, 194().

8-s. Proqram List itiq: So followitiq pages.
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Chapter 9

SUBROUTINE TRACE

9-1. Purpose: To direct the ray tracing to find the intersection of a

ray emanating from a point inside the radome and the inner radome

surface. All dimensions are in centimeters. Radome coordinates

are implied.

9-2. Usage: CALL TRACE (PO, K, P, N, METAL)

COMMON/TRACC/Z2, Zi

9-3. Arguments

PO - Real input array of three elements containing the

point PO(x , Yo' z 0 from which the ray emanates.0 0

K - Real input array of three elements containing the

direction cosines of the ray; i.e., K(l) = kx,

K(2) = k , K(3) = k .y z

P - Real output array of three elements containing

the point of intersection P(x, y, z) of the

ray and the inner radome surface.

N - Real output array containing the direction

cosines of the unit inward normal vector to the

radome inner surface at P(x, y, z); i.e.,

N(1) n , N(2) = n , N(3) = n wherex Y z

n = Xnx + yny + Znz.

METAL - Loqical output variable which indicates any

opaque surfaces encountered, such as a metal

tip or bulkhead: METAL = .TRUE. indicates that

P(x, y, z) lies on such an opaque surface.

bl*M 4.40 F1Oi 111



Z2 - Real input variable which designates the zR

coordinate (cm) of the intersection of the ogive

section of the radome, and the metal tip (if any);

must be set in main program prior to the first call

to TRACE.

ZI - Real input variable which designates the z R coor-

dinate (cm) of the intersection of the ogive

section and the bulkhead of the air frame; must

be set in main program prior to the first call to

TRACE.

i-4. Comments and Method

a. Subroutines required: OGIVE, TDISK, BDISK, OGIVEN, TDISKN,

BDISKN

b. The inner surface of the radome is represented by three distinct

surfaces as indicated in Figure 9-1: a planar bottom disk (bulkhead), a

tangent ogive, and a planar top disk (base of a metal tip). The ray is

traced to the ogive surface first to find a point of intersection P(x, y, z):

(i) If z I<z<z 2, then the ogive section of the radome was struck,

the unit normal is computed (OGIVEN), METAL is set to .FALSE.

and the program returns.

(2) If z>z 2 ' it is assumed that the ray encountered the top disk

before impinc;ing on the oqi( surface (which actually extends

beyond the z 2 coordinate). The ray is then traced to find its

intersection with the plane z = z,. If the toj disk is indeed

struck, then METAL is set .TRUE. and n = -z is returned.
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Figure 9-1. Tangent Ogive Radonie Geometry.
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(3) If z<z from (1) above, it is assumed that the bottom disk

was struck by the ray before it encountered the ogive surface.

The ray is traced again to find its intersection with the

plane z = z I . If this bottom disk is indeed struck, then

METAL = .TRUE. and n = z is returned.

The steps in (2) and (3) above appear to be unnecessary; however,

they are included to ensure that the ray tracing procedure works correctly

and to alert the user if it does not. For example, if incorrect variable

values are passed to the supporting subroutines, there is a good chance

that no intersection will be found with any one of the three surfaces, in

which case the following error message is outputted:

"THERE IS A HOLE IN THIS RADOME"

The message is continued with the values of (x , yo' z ) and (k , k , k )0 0 0x y z

Incorrect values of geometry variables passed to the supporting subroutines,

and attempts to trace a ray from a point exterior to the inner radome

surface, will prompt the error message and alert the user of his mistake.

9-5. Proqram Flow: See listing below.

9-6. See Chapter 2.

9-7. References: None

9-8. Program Listing: See following pages.
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Chapter l0

SUBROUTINE RXMIT

10-1. Purpose: To compute the complex rectangular vector components of

the electric field E transmitted through the radome, wall, where

it is assumed that the incident field E., lI. is locally a lane

wave and that the radome wall behaves as an infinite pildne dielec-

tric sheet. The direction of propagation of the plane wave -k

and the unit inward normal 11 at the point P1(x, y, z) are used to

determine the angle of incidence and the plane of incidence o)f

the plane wave. All dimensions are in centimeters. Radome coor-

dinates are implied.

10-2. Usage: CALL RXMIT (PWI, PWT, K, NORM, PI, TABLE, SUPPRS, BETA)

COMON/TRANSC/DIN(() , ER(()) , TD(6) , TZ, WALTPOL, N, NN,

D(6) , Z1, TK

10-3. Arguments

PWI - C'om 1,,x input array containing the, vector com-

;on&'nt ; of ti, incident electric field; i.e.,

li (1 , ; F
x1 i zi

PWT - Coml 1,x out I ut array containinq the vector com-

Joint: of th transmitted electric field; i.e,.,

PWT ([Ext I Eyt Ezt'

K- Ral input array containinq the direction co:;ino s

()f ti, dir,t ion from wh(ence the plane wave

m. atc; i.e., K(k , k , k ) x k + y k + k
x y z x N'
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N, the exit side of the wall; layer N is the first

NN layer on the incident side. ER(NN), TD(NN)

specify Er' tan6 of the medium in which the N-layer

structure is immersed (normally, free space so that

ER(NN) = 1.0, TD(NN) = 0.0). The rea] array D

contains, after the first call to RXMIT, the

thickness in centimeters of each layer.

TZ, - Real variables used previously to specify longi-

WALTOL, tudinal and circumferential variations in wall

ZB, TK thickness and in the tolerance on thickness. These

variables are not active in this version of RXMIT.

10-4. Comment and Method

a. Subroutines required: WALL, AMPHS, AXB

b. The transmission of an incident plane wave through a plane

-12
dielectric sheet immersed in free space (c = 8.854 X 10 farads/m, p =

o 0

-7
47 X 10 henries/m) may be, described in terms of the insertion voltage

transmission coefficients

E (P)

T t 
()

I F:. (P '

F (P')
tl (I ) (2)

E il (P')

where E t, E tl are the transmitted fields at P' with the sheet in Place,

and El , Eill are the incident fi(.Jds at the same point in the absence- of

the sh(1 t. The point P' lies on the colinear extension of the incident

ray and is located on the exit side of the sheet.
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. x(E + " + y(E + E + z + E (8)-i xiL xi I
)

yi± yil Z(zi-L zi 
)

where, for example

Ex. x•k I Ei : k E (9)

xi i xi il

The transmitted plane wavte is then given by

To (10)-- ik T Ei +k T] EI

F, x(T E + T E + y(T E + T E + z(T E + T E
-Txii II Exiil I yil Ii yil i zii i1 zill

(11)

10-- Pru'romrn Flow

Lines Comments

Line ): Set NANGLE = number of entries used in the look-up

tables for T , T

Lines 10-12: NDO causes initialization of variables and the com-

putation of the look-up tables on the first call to

RXMIT (lines 1159)

Lines 15-16: Convrt layer thicknesses from inches to centimeters.

Lines 17-59: Compute look-up tables for T, T at NANGLE points

spaced equally in sin). over the range (0, 1) . If
1

SUPPRS -. FALSE., print a tabl of transmission co-

efficients (ov*ry fifth p)int only). If ER(1) 1.01)

set AIR - .TFU. and computte unity tran;mission cot,' ffi -

cit.nt!; for tin "air" radome (for testinq)

[..l224



Lines 60-78: Compute sin 0.1

Lines 79-86: Interpolate in table to compute T T 11at sine..

Lines 87-100: Normalize the vector k

Lines 101-112: Compute Exi, Eyi, Ez.

Lines 113-124: Compute E ,xi 1' EyiII' Bzi l"

Lines 125-129: Compute Ext, Eyt, Ezt and return.

Lines 130-136: If sine, is out of range of the table, write error

message, set T , T to unity, and continue.

10-6. Test Case: See Chapter 2.

10-7. References: None

10-8. Program Listing: See following pages.
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Chapter 11

SUPROITINE WALL

11-i. Purpose: To compute the transmission and reflection coefficients

of a N-layer dielectric sheet having thicknesses d , dielectricn

constants c , and loss tangents tan6 for each layer when a planern nl

wave is incident at angle .
1

11-2. Usage: CALL WALL (BETA, SINE, D, ER, TD, N, NN, TPER, TPAR,

RPER, RPAR)

11-3. Arguments

BETA - Real input variable = 27/A, where X is the free

space wavelength.

1

SINE - Real input variable =sin 0-

D, - Real input arrays containing the thickness (cm),

ER, dielectric constant r , and loss tangent tan6 ofr

TD each Jayter.

N - Integ,,r input variable equal to the number of

layers.

NN - Inteqer input = N+l.

TPER,TPAR - Cnmplx outp'ut variables equal to the insertion

VoIt 't' trcie;rn;iSS1e)r coefficients for the con-

,on,, n f the incident electric field ,erpoendi-

cular to and 1 aiallel to the plane of incidence,

rs<;Ist ive' y.

R RPR,RtAP - ()ml 1--x u)utput variables equal to the rflection

cot-fficicnts R , R

21 II



11-4. Comunent and Method

a. Layer I is the first layer on the exit side of the panel; lay.r

N is the first layer on the incident side. T T have the same value for

,ither side of the panel being the incident side; however, R, R11 arO

different (in phase) for the two cases.

b. The details of the method are presented in Reference 1 and are

rproduced n Apj -ndix E.

tI-'). Proqram Flow: See Reference 1.

11-'. T,,st Case,: See Chapter 2.

1 1-7. Rfcrencs:!

E. B. ,To' and G. K. Huddle(ston, "Radome Effccts; ,n th 0

I'. rfrnmaiw , Goiund MaIll ing Radar," Technical Ref ort

C'ntract LAIiU-7.-C-\Kd, U. S. Army Missile Command,

11
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Chapter 12

SUBROUTINE AXB

12-1. Purpose: To compute the real vector cross product C = A X B, where

A, B, C are expressed in rectangular components.

12-2. Usage: CALL AXB(A, B, C)

1:.-3. Arguments

A, B - Real input arrays containing the rectangular com-

ponents of A x A + y A + z A and B; i.e.,
- x y Z -

A(A , A , A ), B(B , B , B ).x y z x y z

C - Real output array containing the rectangular com-

ponents of the vector C = A X B; i.e., C(C , C , C
- - - x y z

12-4. Comment and Method

a. Both input vectors must be real.

b. The computation of C = A X B is elementary.

12-5. Program Flow: See listing below.

12-6. Test Case: None

12-7. References: Non(!

12-8. Program Listing: S. e following page.

1

135



N r- 4 tp~ ~ I~- ~

4-4

z
'-.4

I-.
J

(~:4

V

'~1

Ii

4-

~ .. .4

L ** * *

-, .. ,r .* Ci

* I I'. I

.1 4

N N .~('

S. I LA

* * *
S - - -

''XI~ .4

* -SI.-, - -

-~ -J
I. .. II

-,

9- - -. - II
I,

1

I ~

9~~ 4 9 -- .. 9



Chapter 13

SUBROUTINE CAXB

13-1. Purpose: To compute the complex vector cross product C = A X B,

where A is a complex vector and B is a real vector expressed in

rectangular coordinates.

13-2. Usage: CALL CAXB (A, B, C)

13-3. Arguments

A - Complex input array containing the rectangular

components of the vector A = x A + y A + z A
- x y z

i.e., A (A , A , A ).
x y z

B- Real input array B (B , B , B ) representing
x y z

the vector B.

C- Complex output array C (C , C , C ) represtntinq
x y, z

the vector C = A X B.

13-4. Comment and Method: None

13-5. Program Flow: See listing below.

13-6. Test Case: None

13-7. References: None

13-8. Program Listing: See following page.

1
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Chapter 14

SUBROUTINE RECI3S

14-1. Purpose: To compute the anqit of arrival k of a plant- wave on a

monopulse. antenna which yi cids an electrical bo(-res i ght i idi cat-ion

which, due to the raclome, may be, d~ ffcrent from the mechanica I

borcsi g ht a long thz axis- aof the antenna . The antenna aj ert urc

lies in the xy p-lane. All d imen sions are in centimeters . Antennia

coordinates are. imp lied.

14-2. Usage: C'Ll. RLCBS (SI;MX, SUMY, DEL>, DELY, DAZX, DAZY, NX, NY,

LIMAX, NS, IOPT, VR, DMRAD, ROTATE, TRANSL, FGH-Z, KXMAX,

KYMAX, TAI3LL, SINGS, K, IU2TM, ELTM, RSQMAX, VMAX, SMAX,

SUPPRS)

14-3. Argjuments

SUJMX, SUMY,- Complex input arrays of NX by NY elements each

DEI.X, DELY , containinq the' apert.ure distributions; of the

DAZX, DAZY monopulse anitenna. See Subroutine lIACNIF.

LMAX -Integler input varialel which controls the maximum

numrber of iterations that will be done to find

ti, olee trical bore-si qhit wit-hin the tolerance

;peri fied b~y DI4RAD.

NS - ina c ti ye i nt- ege(r varijab)le.

IOiPT - Iiitt e;'k input variable which slc'ts the polari-

zation of the incident plane, wave. See Subroutine

INsPIW.

VN - Comple x array of three elements; rei resenti nq the

rCet'lW( edvol)tage on the sum, elevation di fferenice,

q. 1 31)

lip



and azimuth difference channels of the antenna,

respectively (output).

DMRAD - Real input variable equal to the tolerance to which

the electrical boresight in milliradians is to be

computed; i.e., 0.1 miiliradian.

ROTATE, - Variables required by Subroutine RECM.

TRANSL, See Chapter 8.

FGHZ,

KXMAX,

KYMAX,

TABLE

SINOS Real variable equal to the sine of the angle 6os

(measured from the z-axis) in the 450 plane

(4 measured from +x toward +y) at which the first

target return arrives; e.g., 0 = 3 degrees.
os

K -Real output array containing the direction of

arrival of the final target return; i.e.,

K(k , k , k ).
x y z

AZTM, Real output variables equal to angles (mrad) in

ELTM the azimuth and elevation planes of the antenna

which specify the direction of arrival of the final

target return. If k is the unit vector pointinq

from the origin in the direction of the final

return, then the orthographic projection of this

vector onto the xz-p)lan, makes an angle AZTM with

tht, z-axis; ite rprojection onto the yz-plano

makes an angle ELTM with the z-axis.

140



RSQMAX - Real variable needed by Subroutine RECM. See

Chapter B.

VMAX - Unused.

SMAX - Real output variable equal to the magnitude of

the received sum voltage for the final return;

used to computu loss in antenna gain.

SUPPRS - Logical input variable which controls the compu-

tation and printing of additional antenna outputs

around the boresight direction. If TRUE, the

complex voltage outputs of the difference channels

will be computed at one milliradian increments over

the range ±3.0 mrad, centered on the direction of

the final target return.

14-4. Comments and Method

a. Subroutines required: AMPHS, RECM, INCPW.

b. Subroutine RECBS uses a linear tracking model to determine the

direction of arrival k = x k + y k + x k of a plane wave which will
x y z

produce null indications in the elevation and azimuth difference channels

of the monopulse antenna inside the radome. Subroutine RECM is used to

compute the recoived voltage on each channel for the specified polarization

(IOPT) and direction of arrival.

The first target return is made to arrive from the direction

+ 2k, x sinO + y sino + z l-2sin t 0.)1 os 05 05

to produce out ti t

141
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In /L.J(2

Win. r , V V an t hL>. coinp1 -x voltacle output s of t thr(,u-

Lo 1ir iV, f nm

k x (- si 11) + (-it )+ zl.i 3

to roduK!. cutj Uts U iz),UL'L2

Construct ci liiucar mocE I for scichann(2l induj~ ndcntly usi nq

t U sipc I t~r 'tccua tion for a linc;

AZ AZ x AZ (4a)

M k +b EL(4b)

M A (tI A,- U )Z' (k X1- kx ) (5a)

M (U -I~ tI: ) (k - k y2 ('))

1)AZ -UAZI AZ '1(6a)

1) LL 11 - m ,1 k yI(b
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L -, Ltiis mode I to .tJ I lmat- th e va LL1(s of k , k that will make UAZ Ux y AZ FL

x AZ /M AZ

k EL /MEL 

where the value of k follows from

Xz

k 2 k + 8)
x v' z

The third tarqet return is made to arrive from this direction and

the values of UAZ' UEL are computed via Subroutine RECM. Now, according

to the last linear model, a value of U AZ within the range

IUAZl < IMAz sinto + h AZ

would indicate that the null has been found within the tolerance 0to1

(=DMRAD) specified. If this tolerance is not satisfied for both

channels, then the jrocess is rop cated until it is or until LMAX is ex-

ceeded. In centinuin(i the itirations, k,) becomes k, and the estimated

point becoms k.

On the last roturn, th direction of arrival in specified by k.

The angles iii the a;.imuth: and e],vation planes are given in milliradians

1)'Y

AZTM P 1 (---) IJO()
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Chapter 15

SUBROUTINE RECPTN

15-1. Purpose: To compute the receiving patterns of a monopulse antenna

at NREC points in a specified principal plane. A plane wave of

specified polarization (ICOMP) is made to be incident on the

antenna at equal increments in sine over the range (-KMAX, KMAX -DK)

in either the elevation plane (ICUT 1 1) or azimuth plane. The

received voltage in each channel is computed in the presence of

the radome and stored for return to the calling program.

15-2. Usage: CALL RECPTN (SUMX, SUMY, DE , DELY, DAZX, DAZY,

NX, NY, ICUT, ICOMP, KMAX, -C, VPREC, KXMAX, KYMAX,

FGHZ, ROTATE, TRANSL, TABLE, SU1;IRS, RSQMAX)

15-3. Arguments

SUMX, SUMY,- Comje:lx input a- tays of NX b NY elements con-

DELX, DELY, taining the dperture field uistributions of the

DAZX, DAZY, monopulse antenna. See Subroutine HACNF.

ICUT Integer input variable which specifies the prin-

cipal plane in which the pattern is computed:

elevation (ICUT = 1) or azimuth (ICUT 2)

ICOMP - Integer input variable which specifies the linear

polarization of the incident plane wave: elevation

component C only (ICOMP 1 ) or azimuth component

X only (ICOMP 2). See Figure 15-1 for further

clari fication.

151



A
C = elevation component

A
y a = azimuth component
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KMAX - RKal inp ut variable equal to sin , where thu.
Iina x

patttrn is comp utd over the angular range (-H ,axmax

6 ) , but in equal incrtme.nts in si,, .7o that

Fourier interpolation can ho applie-d directly in

the wavenumber domain using the Fast Fourier

Tranisform.

NREC - Integer input variable equal to the number of

points at which the pattern is computed.

VREC - Complex output array of NREC by 3 elements con-

taining the computed ruceiving patterns for the

sum, elevation difference, and azimuth difference-

patterns of the nonopulst, antenn,.

KXMAX,KYMAX,- input variables required by Subroutine RECM. See

FGHZ,ROTATE Chapter 8.

TRANSL, TABLE,

SUPPRS,RSQMAX

15-4. Comments and Method

Subroutines INCPW and RECM ar. used to compute the incident plane

wave and the received voltaq in eacli channel for each direction of arrival

i. tne specifiud plane. For tht elevation I lane, tie di reQ tion of arrival

is ;/iven h'

k x (0) + y sinO + z -sin*0 (1)

whor.,' is the anqle measurt.d from the z-axis. For the azimuth plane

k 1x;ill + \' (0) + -sin (} (2)

I C) 3

"PA
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Chapter 16

SUBROUTINE OGIVE

16-1. Purpose: To solve for the intersection PH(x, y, z) of a line (ray)

and a tangent ogive surface. The ray starts at point P()(xo, Y., z)

and travels in the direction K(k , k , k) k Xk + 'ky + zkx y zx y z

Dimensions are in centimeters. Radome coordinates are implied.

16-2. Usage: CALL OGIVE (PO, K, PH, HIT)

COMMON/OGIVC/RP, BSQ, AP, RINV, B, RSQI, RP2

16-3. Arguments

PO - Real input array containinq the point of- oiigin

of the ray PO(x , yo ,Z )"

K - Real input array containing the direction cosines

of thu ray K(k , k , k ).
x y z

[F1 - Real output array containing the point of intersec-

tion i'l1(x, ', x/ , if 1IT = TRUL.

HIT - ocal outut variable which indicates if an

inte rssctiun iolution was found (TRUE).

The following vorialdcs are conmoin with the main program and are precal-

cul1ated to Sp}eed UI, the ray tI a(l Lo; comp it at 11s. Pt fer to Fdqure 16-i of

the' radmom2 'jeomPetry for the 1 I ll t i, 1 < i ' B.

2RI' - Real gn}ut var iabhi, -P - B

i3Sy - Re,,1 input rtiable B-.

Al' - Real InIut vari able 0. See APIN in Section 2-4.

R INV - Real nut vat Iable I/i}.I b - l p-at Variable uc Figure 16-1.

L'7
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KS I -ROtil 11ii ut k'dniab)It R

FF2 - Ral n)t. 'A d~Q-F+ B

16-4. lirext a1r1d >1t'trlKhl

£ he :,)~IuoiiX, Vol ab 1<2 lnu :t iDC 00111) ittd in1 tilt mai±nt prac~ rap

u l~ t.t<r -4~, i" , . orlj, te :i'(Jjrt V IKI WItli t t-it tot negatilve

'inu tnt r-is cht, Citn ay' a nd U; ±v-. sa t j:ruu i 0A

IU t 111t d a ur t IC equatio inL1 1 theC ~ pra~e t, I a Ls follows [1i

z 
4

-t 2 35 +- ' -

whet

* . +)± ) { A V (2)

it)~h+A tW) + (2A'+V) '-4B1 u
- 2 (3)
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y y + k t (29)
Y

whikre the paramtor L is th, div;tance alonq the Iine from (x , y ,z
) 0

to (x, y, z) . Substituting Ecluations (27) - (29) into (10) yields the

fo I iowing, quadratic ,quation in t

22 2
t 2 k x - k " )t * (x . y ) ( - - (z -a ) - B) =

(30)

The cuaaratl •f,,iJ .-I, I iL th following solutions to the above equation

2 2
. -x 'kv (x + yC ) + P 2

'1 , u :" V : rv. 1 4) throuqh (26)

1 . :,, I crxmpar- directly to the above

... . } . ,.. c , a :I i E ffects on the

1: ,' Paiar, T,chnical Report,

C'I-lt r, . AL - . - - , '. . Army Missile Command,

Ma rc 7

2 . St iu: , cI dr,;ewi t , HianIIdbook of Mathematical Functions,

Nat (inal I u,,r ,,t . indards, June 1964, p. 17.

1f-<* Progrm iLtIlq: S ti lowinq [ages.
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1I. ur; 's T 'c oiflj Ut c the unlit inward! rorma~i vk-:tor I' X 11 +

1:+ 1 to the tangent o~iivt surfawt at tle int ill (x, z)

17-.. 7, Usg: (ALL OGIVEN (PI, N)

GOMION/OGIVC/EP, BSQ, AP, RINV, H, RSt)1, RP2

(~~Chalpter 10 for comrion variabi1k

17-). Arijumunts

PI - Real inp ut array contai ninig the point IT (x, y, z)

on the tangent ogive surface at which; the unit

normal is desired, as computed by Subroutine OGIVE.

N - Real outp ut array contain inc; tiek di re:t ioii cosi nc

n1 1'n, ) of theu unit. ii wardi normal wI vocr.
x v

1 7-1 . COmm'r t '4 ind Me~t 10(

Tli tain-put c-civ surfac( ic, dsrjI Bed By

W~. 1 e 1 X +-' illd 17 1, ill, P I. tfill inl Figure Ii- . 'Tile unit

[Lni rai iLrmalIt. i i ;uri - i en a

f df !I- "f kit

vfI' Jrdi + i dv d: I'
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17-7. Re f erence

i. Small, L. L., Analytic Geometry and Calculus, Appleton-

Cntury-Crof ts, Inc. , New York, 1,53.

17-6{. Program Listing: See following page.
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Chapter 1)

SUBROUTINES BDISK, BDISKN, TDISK, TDIS)KN

Purpose: To (.-jpute tli inturs.c t ion PI ( x, y , 7-) of i lint (ray)

~o~jlati1W Prt n i i .lt P'(x , y z ~. ) havii 3' 'Ii rt I ior. 4:i!<.
0~

K(k , k ,k ) with ai plana-r disk at z Or ' -Z
J Lo

Subrout inc- BlISKN' is usud tco comput- tI h unit iriwarcl r,, crnsl n~ Z.

Subroutine TDISKN' is used to compute t-l~e nurmai n=-z

CALL BDISK (1, K, PI, HIT) CALL TDI-SK (P, K, PI, HTT)

COr4MON/B3DISKC//ZBOT, RBS ) COMON/TDISKC/ZTOP, RTSQ)

CALL BDISKN (N) CALL TDISKN (N)

§ 1-3. Arcgum,-nt-.

I - R(aii input array containing the point P (x()

from which tiiu ray eralates.

K Pk- jyt input array of dirctio-n cos;Ines Kik , k k
x k)

PI - Pal input array containing the desired Pci cc

of initcrsection PI (x, y, Z)

liT': - oi-a.i, 4 a 1nut: ut variable which is TRUE if -an

i13 tornc Oi 1 founti

'PT - fal inj ut var .ablt e<ogual to thi z u 'ardinat(e of

t i k, I ( a I- (Ii s-;k .

Pb, - Poal inp Ut variol-'op'u'l to th,~:ur of thn

it lip il.1 I 5 1 I 'hi V' ! I 'V I. J1 , , 1) .

A. '.~*'177
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Chapter 20

SUBROUTINE FAR

20-1 .U Prl US U: To comput e t he far field pattern in wcivelumbLer coordinates

k , k ) e t an arint ta whun; radiating charct.r i si ics are sjpueni tiud
x V;

1)y' the coml lcx In' s'tvipetra A (k ,k ),A (k ,k I.The an-

tennai iC kPeat - .1i in, 1.orTendicular to the z (polar) axis.

tTSaqeC: CALtlK(t , XI"LD, YFIELD, NX, NY, FGHZ, KXMAX, KYNAX,

1 20-3. Arqinent

FIL u' t; Lit rriv of NX by NY olomnits containing

tr pic owor pa ttern at 6i. 3crol

k. kn3c'e = sintlairi , v in i rmd ', are the

U a.)ar and al--imut~al ank1 I.s

XF IFIi>, com; IlputI arrays of NX b'' I. -1K!-."11 con-

YIFIFV t11iiiq I ii Ink wave. sutr AX -it dli.!erote

wavc nunlers k , k
x

'4X , N'' It-, ;, input variaLien, e~qual to he ii r C 1-

F ;HZ - kcl jnj ut variale t- ual t-,, tLb vr~ n iii

bZXMAX, KYrIAX- P, al i np ut va riaIie equal t,- tliV- maximum wave-

ntunir a asoc la ted with the eL Imk<n ts of t iii array.-;

IIL', XPITLID, and YFIELD. Trhe clement 1 1, J~ 1

n i 11;a rrays correspo'nd s to th- wavc number

c 'or) iinate C -KXMAX , -KYMAX) . For- any 1,IC) ,t h,

'~iv anu-,bo _,oordi nates are qjiveil 1),



NX
IzX (I - -l*KXINC

K Y (J - 1)~ KYINC

KXINC '*KXj\AX\/NX

KYINC -*YIXN

ADIPS -Real input variable cqual to trh> radius r in

LcIotirneters of tli so} heru on .lic tie> ftr field

:Ittcrii is comil-ited. This viin ld II ft-ctt; onI':

the tealm /r, and r ii o;tt to uni ty in the

cal linc; program for normal use,

IPR Int (.qer inp~ut variable, wh i ci --tl1ect s the v, ct or

ecfl1polienits to I)(ued-i collijut i'lq tilbe owk-r

Fieat oncootmnit oil]':.

Te - :'al po%%er

o l itnU ireular ro] i.it ten

iii citular J'olalizct oln

"."A. X I: I, a i 1 )aIt va r iah ti n inlput, j f

MA \\ i t, :,q-(ram wi- 1 Iiermal 1 i he array

!It I [J) fr( ;5 0c t ( on and out pitl t-liP norm i I ii,

a wt(i ii' MA\. Tf- FMAX % , i it] 1,

Mv



"o4 Commenlts1 and Method

Lot- E (X, 1-, 0) , E (X,, 0) be' thle tanl(Cnltia 1 eI,'eLL) i tie ld-s Of
x y

'rek-tanqjuiar axlttnna aj erturo, leucAted( In thc( z pji ( itn cc 0nt>:Iod a

tfhe- oriqin of the coordinate *ystem. The plane wave Spectra (if the apel -

t0ur, t iuids, are dufined by

~k , ) ~ f (+j (k x + k v
I x

A ~ ~ ~~~a 0kkE(, ,0 , x% 1

~~ r±(k x+ k y
A (k k E E(X, Y, 0) oex(\ (2)

-A -kA

2 2
k' k + k =K 4

'~, , : A. (k , k") d~' k

I IX



An, C.r t~ -: i l ofia rtie r , t I w routaiiqu ta r f ielId comant iits

A; I>: Lotic VaIlue-s [I

ki, K , I -12-uk ~ cos'- A, (k k, 6

N r

.1.~~~ ii I: 1 i yw -1 't i-ncI&surod f rom t.he ixi

*)%-'r i 11 1111

! , I C ( I -!:I v.1I 1 -

nWi v.'4 :4!

C L j, 1- 7

AIL-



A
IE =elevation component

A
y C1 = azimuth component

x

1>>0
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Chapter 21

SUBROUTINE AMPHS

21-1. Purpose: To convert a complex number c = x + jy from

rectangular to polar form c =Icle
j .

21-2. Usage: CALL AMPHS (C, AMP, PHS)

21-3. Arguments

C - Complex input variable containing the rectangular

components of the complex number to be converted;

i.e., C = CMPLX(X,Y).

/22
AMP - Real output variable equal to Vx +y

PHS - Real output variable equal to the phase angle

in degrees.

21-4. Comment

The intrinsic Fortran function ATAN2 is used to compute 
PHS.

21-5. Program Flow: See listing below.

21-6. Test Case: None

21-7. References: None

21-8. Program Listing: See following page.
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Chapter 22

SUBROUTINE DBPV

22-1. Purpose: To convert a real array of linear values, normalized to

lie between zero and unity, to decibels.

22-2. Usage: CALL DBPV (FIELD, NX, NY, IPV)

22-3. Arguments

FIELD - Real input/output array of NX by NY elements: on

input, it contains the values to be converted; on

output, it contains the corresponding decibel values

on the range (-40, 0). All input values less than

-2
10 are set to -40 dB on output.

NX, NY - Integer input variables which specify the size of

the array FIELD.

IPV - Integer input variable which specifies whether the

input values in FIELD represent power (IPV=I) or

voltage (IPV=2). If IPV=1, F(I, J) = 10 log1 0

F(I, J) is returned; if IPV=2, F(I, J) = 20 log1 0

F(I, J) is returned.

22-4. Lcnments

It is intended that the irout array FIELD be normalized prior to the

call to Subroutine DBPV.

22-5. Program Flow: See listing below.

22-6. Test Case: None

22-7. References: None

22-8. Program Listing: See following pale.
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Chapter 23

SUBROUTINE NORMH

23-1. Purpose: To normalize a two-dimensional real array of field values

so that all values in the array lie between zero and unity.

23-2. Usage: CALL NORMH (FIELD, IMAX, J.AAX, LDB)

23-3. Arguments

FIELD - Real array of IMAX by JMAX elements. Oi input,

it contains the field values expressed as non-

negative real linear amplitude or as amplitude

in decibels. On output, the linear amplitudes

are replaced by their scaled values FIELD(I,J)/

FMAX, where FMAX is the maximum amplitude value

in the array; the logarithmic amplitude values

are replaced by (FIELD(I,J)+40.)/40., where -40

decibels is assumed to be the lower bound on the

original data.

IMAX,JMAX - The number of elements in FIELD.

LDB - A logical variable set TRUE if the values in

FIELD are in decibels.

23-4. Comments and Method

* A function f(x,y) of two variables having minimum value f . and

maximum value f may be normalized to 0-f (x,y)! 1 according to
max n

f(x,y) - f.
f (XY (x,y) f min
fnx ,)f _-f n.n (i)

max min
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provided that the denominator is not zero. In this procedure, the f =0n

corresponds to f=f . , and f = corresponds to f=f .mn n max

When f(x,y) represents a linear (vice logarithmic) variable, it

is desirable to force f . to be zero if the minimum value of f is actually

greater than zero. In this special case, f becomes
n

f (x,y) = f(x,y) (2)
n f

max

Equation (2) is also used to treat the special case of f - f Z 0;max min

however if Ifmax1<l , fmax is set equal to ±i., where the sign used is

that of f . This refinement has the effect of producing a constantmax"

function whose value lies between zero and unity; without it, f wouldn

be simply set to unity or division by zero may result.

When f(x,y) represents a logarithmic variable, such as the ampli-

tude in decibels of an electromagnetic field, all of the foregoing dis-

cussion applies; however, a minimum value f must be imposed. If
min

f . <-40, f. is set equal to -80 (decibels); otherwise, a -40 decibelmin mi n

level is assumed. A value of f equal to zero decibel is also assumed.
max

23-5. Program Flow

Lines 9-16: Find minimum MN and maximum MX values of data in

FIELD; form their difference DR=MX-MN.

Line 17: If array values are in decibels, go to 50.

Line 18: If all values in the array are the same, go to 25

and scale the data to lie between zero and unity

(Lines 28-37).
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Lines 19-27: If all linear amplitude values in FIELD are not

identical, scale the data according to FIELD(I,J) =

(FIELD(I,J) - Min. Value)/(Maximum Value - Minimum

Value).

Line 38: If values in FIELD are in decibels, and the minimum

value is less than -41dB, then assume a -80dB lower

bound, go to 60 (Lines 47-52), and scale the data

according to (FIELD(I,J) + 80.)/80.

Lines 39-46: Scale the data according to a -40dB lower bound; i.e.,

(FIELD(I,J) + 40.)/40.

Lines 53-54: Write MN and MX.

23-6. Test Case: See Chapter 2.

23-7. References: None.

23-8. Program Listing: See following pages.
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Chapter 24

SUBROUTINE CNPLTH AND FUNCTION PSI

24-1. Purpose: To plot (Calcomp) single dimensional far field patterns

at constant wavenumber kfi x.

24-2. Usage: CALL CNPLTH (FIELD, N, KMAX, KCNTR, KFIX)

2 2
PSI ATAN2 (K! 1 -K - Kf= _ _ fix )

24-3. Arguments

FIELD - Real input array of N elements containing the

field values in decibels but normalized so that

-40 dB corresponds to 0 and 0 dB corresponds to

unity on the normalized scale.

N- Integer input variable which specifies the number

of elements in FIELD.

KMAX - Real input variable equal to the half width of

the wavenumber range corresponding to the array

elements 1 through N of the array FIELD; i.e., the

increment in wavenumber corresponding to the dis-

tance between the Ith and (I+l)st element is

2 KMAX/N.

KCNTR - Real input variable equal te the wavenumber coor-

dinate of the (N/2 + l)st element of the array

FIELD. FIELD(l) has wavenumber coordinate

KCNTR - KMAX.

KFIX - Real input variable equal to the fixed value of

the other wavenumber coordinate. For example, if

k varies, then k = KFIX.x y
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24-4. Comment and Method

Let F(kx, k ) represent the far-field power pattern of an antennaxy

where k and k are normalized wavenumbers as defined in Chapter 20. Ax y

pattern cut at constant wavenumber is a conical cut about the real axis;

e.g., a k = constant cut is a conical cut about the x axis of the coor-x

dinate system.

For principal plane cuts, k = 0 yields an E-plane pattern asx

defined in Figure 2-3; k = 0 yields an H-plane pattern. For principalY

plane cuts, KCNTR = 0 and KFIX = 0.

The plotting commands are set up to produce a 4" X 8" rectangular

pattern plot on a standard pattern scale. The plot is positioned on the

paper to give margins of 2" on the left, 1" on the right, and 2.25" from

the bottom and, hence, is suitable for direct use as a figure in a tech-

nical report.

24-5. Program Flow: See listing below.

24-6. Test Case: See Chapter 2 and pattern plots in Appendices B and D.

24-7. References: None

24-8. Program Listing: See following pages.
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Chapter 25

SUBROUTINES PLT3DH AND PLTT

25-1. Purpose: To plot (Calcomp) the two-dimensional array FIELD (I, J).

25-2. Usage: CALL PLT3DH (XSIZE, YSIZE, HEIGHT, FIELD, IMAX, JMAX, NMZ,

LDB)

25-3. Arguments

XSIZE, - Real input variables in inches defined on Figure 1.

YSIZE,

HEIGHT

FIELD, - Real input array of IMAX by JMAX elements con-

IMAX, taining the values to be plotted. These values

JMAX must be normalized to the range (0, 1) before

plotting.

NMZ - Logical input variable. If NMZ = .TRUE., the

array FIELD will be normalized with respect to

its own maximum value; if NMZ = .FALSE., no

normalization will be done.

LDB - Logical input variable required by Subroutine

NORMH (Chapter 23).

25-4. Comments

In Figure 25-1, the axes and labels shown are not produced by the

subroutine; these axes are presented to demonstrate the perspective of the

plot and to identify its dimensions. Report size plots will be produced

suitable for one 8 1/2" X 11" page when FACTOR = 1.0 and

rU -kL& i_ ;h k , , 213
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XSIZE - 6.0"

YSIZE - 2.5"

HEIGHT 2.5"

Margins in this case will be 1.5" on the left, 1" on the right, and 4.25"

from the bottom of the plot paper. Margin lines are provided on the plot

paper to outline the 8 1/2" X 11" page. Also, the plot itself can be

carefully cut from the plot paper and cemented onto a set of axes as has

evidently been done in Appendices B and D.

25-5. Program Flow: See listing below.

25-6. Test Case: See Chapter 2 and Appendices B and D.

25-7. References: None.

25-8. Program Listing: See following pages.

1
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Chapter 26

SUBROUTINE FFTA

26-1. Purpose: To compute the Discrete Fourier Transform (DFT) or its

inverse of a sequence of complex numbers consisting of 2N elements,

where N is an integer. The Cooley-Tukey algorithm is used to per-

form computations in place to speed up the computations and -o

return the transformed values in the input array.

26-2. Usage: CALL FFTA (FIELD, NEXP, IBMISN)

26-3. Arguments

FIELD - Complex array of 2** NEXP elements: on input it

contains the sample data to be transformed; on

output it contains the transformed data. See

below for ordering of data.

NEXP - Integer exponent; e.g., for 64 elements in FIELD,

NEXP=6.

IBMISN - Integer parameter which controls operation:

IBMISN = 3 performs the inverse DFT

IBMISN y 3 performs the DFT as defined in

4 below.

26-4. Comments and Method

a. Subroutine FFTA is machine-dependent in that the bit reversed

number, IFLIP, must be generated using Fortran instructions which are

peculiar to a particular machine. Also, the word length must be taken

into account. Lines 38-42 of the attached program listing are used to

effect the desired operation for the CDC Cyber 70 (60-bit word, numbered

- ..... ,.jL = (- 0 ii. j 221
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0 through 59 from right to left with Bit 0 being the least significant):

IFLIP=0

DO 4 II=l, IEXP, 1

J=60 - II

IFLIP=2*IFLIP + AND (SHIFT(I,I+J), IB)

4 CONTINUE

The SHIFT(I,I+J) operation shifts thu bits of the integer I to

the left by l+J bit positions. The AND operation strip.s off the right

most bit of the shifted result. E.G., when II=l, the right most bit of

I (Bit 0) is extracted from I by the AND(SHIFT) operation. The current

value of IFLIP is then shifted one bit to the left by the 2*IFLIP opera-

tion. The two results are then added together. A total of NEXP bits

are extracted, starting with Bit 0, followed by Bits 1, 2,... (NEXP-I).

The net result of these operations is to take the NEXP-bit binary

representation of the array element number I, reverse the order of the

bits, and right justify the result. Array elements in FIELD numbered I

and IFLIP are then interchanged if I>IFLIP. The first and last elements

of FIELD always remain in place. The array elements are rearranged in

this manner so that they will be ordered after transforming [1].

b. To explain the ordering of the data in the complex array FIELD,

it is convenient to consider the specific example of using FFTA to com-

Iute the Fourier transform G(f) of a time function g(t) as defined by

T
max 

- j2 ft
G(f) g(t) e dt (i)

max
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and as approximated by

G(f) g(t.) e- j2 fti At (2)1

where t. are the equally spaced points along the t axis when g is sampled1

over the interval -T S t ! T
max max

N=NEXP
There are N=2 samples in the input array FIELD(I) corresponding

to I=l,N. The first sample (I=l) corresponds to g(-T ax). The last

sample (I=N) corresponds to g(T max-At). The I=(N/2+l)th sample corresponds

to g(O); i.e., the value of g at t=0. The DFT assumes periodicity of the

sampled data so that the value at t=T is identical to that at t=-T .max max

The sample spacing is

At = 2 T /N (3)max

and corresponds to a folding frequency f ofmax

f = i/2At (4)
max

On output, the array FIELD contains the frequency components G(f)

at N equally spaced frequencies Af over the band -f S f S f , wheremax max

I=l corresponds to f=-f , I=(N/2+I) to f=O, and I=N to f=f -Af, wheremax max

Af = 2 f /N (5)
max
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and where

1
T - - 6)
max 2Af

Also, by the inversion integral [2],

f
max

g(t) = G(f) e2+ j2 ft df 2 Af E G(f )t (7)

-pp(
max

This version of Subroutine FFTA is written so that division by N

is done when the Fourier transform (kernel = e- j2
Trft ) is computed. When

the expression in Equation (3) for At is used in (2), there results

G(f 2 T 1 -j2irf

p maxN. g pi (8)1

Transposing 2 T and using Equation (6) yieldsmax

1 e-J2rrft.
Af G(f ) E g(t.) e p i (9)

p N .

where the righthand side is the definition of the Discrete Fourier Trans-

form as computed by FFTA. Inversely,

+j2rrf t,
g(t.) = E Af G(f ) e+ p i (10)1 p

P
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11

which is the Inverse DFT as computed by FFTA.

Conversely, if the original data in the input array FIELD are

samples of a frequency spectrum G(f), a similar analysis shows that FFTA

computes At g(t.i) as the inverse transform (IBMISN=3); i.e., the time

function is modified in amplitude by At. Of course, when the forward

transfonn (IBMISN#3) is performed on this result, tne original sampled

data G(f.) are obtained in FIELD on output.1

From the above considerations, the following conclusions can be

drawn concerning the use of FFTA to compute the Fourier transform G(f)

of a windowed time function g(t):

G(f ) = 2 T m FFTA{g(t i) (1)p maxi

g(t) = T1 IFFTA{G(fp)} = IFFTA{Af G(f )1 (12)
max

As an example, let g(t) be the rectangular pulse function which

has constant amplitude V for jtI!t and which is windowed in the larger0 0

time interval ItI<T . The Fourier transform G(f) is given by 13]max

sin 2rft

G(f) = 2 t V (13)o o 2i ft (3

0

Let g(t) be sampled at N=2NE XP points over the interval ItV-T max , and let

these sampled poir, s be placed in the array FIELD. Then the spectrum

G(f) will be closely approximated at discrete frequencies f by
p

: 225 I
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G(f ) 2 T * FIELD(I)
p max

where

f - -f + (I-1) * Af
p max

and where FIELD is the output of FFTA according to CALL FFTA (FIELD, N, 0).

Proper consideration should be given to the sampling of the time

function sc Lhat thic DFT produces a good estimate of the actual integral

transform. For example, if t =T , and all samples are constant, thena max

the DFT will produce a single nonzero frequency component at f=O (corres-

ponding to the (N/2+l)th element of FIELD); i.e., a delta function. Such

a result follows frem the facts that the Fourier transform of a constant

g(t)=V is G(f)=V 6(f) and that the DFT assumes a periodicity of the
o 0

sequence of samples provided to it.

Consider the other extreme. Let the pulse g(t) be represented by

only one sample at t=0 in the window ItI-T . The Fourier transform ofmax

g(t)=V 6(t) is G(f)=V , a constant.
o 0

It is clear from thi above considerations that the time function

must be properly windowed and properly sampled to produce a good estimate

of its transform via the DFT. Simply stated, the time function should be

sampled at a rate At which is twice the highest frequency contained in

tha function as interpreted by the DFT.
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26 -5. Program Flow

Lines 22-24: Compute N=2N E XP and set the sign ISN of the exponent

in the Fourier kernel.

Lines 26-29: Compute IEXP=NEXP from N. This is a redundant com-

putation made when the original FFT subroutine was

modified to conform to the call to a library version

on another computer system.

Lines 30-35: Rearrange the order of the input data so that samples

for t20 are placed in the lower half of the array,

and those for t<0 are placed in the upper half. For

a frequency function, the data are rearranged so

that the first N/2 points give the components for

non-negative frequencies (I=l corresponds to f=0),

and the last N/2 points contain the data for the

negative frequencies.

Lines 36-49: Rearrange the data in FIELD so that it will be ordered

after transforming as described for Lines 30-35 above.

Lines 50-73: Perform the summation using the Cooley-Tukey algorithm

[1].

Lines 74-79: if forward transform is being done, divide all values

in FIELD by N.

Lines 80-85: Rearrange the output data in FIELD so that it conforms

to that used on input; i.e., f.=f + (I-l)Af orI max

t.=-T + (I-l)At as appropriate.I. max

26 -6. Test Case

A rectangular pulse function with amplitude V 0=00 was chosen for
11

g(t) with t =.l0 second T =1.60 seconds, and N=2048=2. The resultingo max
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An 1A6. .*



sample increment At and folding frequency f were 0.116 serond 320.0
max

Hertz, respectively. The comparison of the central nine points of the

computed and true frequency spectra were as follows (CDC Cyber 70)

True 6(f) Computed G(f)

I f (liz) A Phase(0 ) A Phase (0 )

1021 -1.250 1. 006 0.k 18. 006 u. 35

1022 -0. 038 16.863 9.09 18.863 0.26

1023 -0. 6 2 " 1 -. 490 0. (0 19.490 0. 1i}

1024 -0. 313 19.,172 0.00 19. 872 0.09

102 .0000 0.00 .00 20. 000 (1.00

1026 0.313 19.872 0.00 19.872 -0.09

1027 0.625 19.490 0.00 19.490 -0.26

1028 0.938 18.863 0.00 18.863 -.035

26-7. References

1. Cochran, W. T., et al, "What is the Fast Fourier Transform?",

Proc, IEEE, 55, pp. 1664-1674.

2. Papoulis, A., The Fourier Integral and Its Application, McCraw-

Hill, New York, Ch. 2, 1962.

3. Stein and Jores, Modern Communication Principles, McGraw-Hill,

New York, pp. 10-11, 1967.

26-8. Program Listing: See following pages. The second listing, Subroutine

FFT, is for use on the IBM 3033 at JHU/APL. It employs the subroutine FFTA

available on that system library. Use of this subroutine requires the calls

in Subroutines JOYFFT and MAGFFT to be changed from CALL FFTA to CALL 
FFT.
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Chapter 27

SUBROUTINE MAGFFT

27-1. Purpose: To increase the resolution of a complex array of data

oints using Fourier into-polation and the Fast Fourier Transform.

The number of points in each array must be an integer power of two.

.1-2. Usage: CALL MAGFFT (A, NA, B, NB)

27-3. Arguments

A,NA - Complex input array of NA = 2 < NB data points.

B,NB Complex output array of NB 2 data 1,oints.

27-4. Comment and Method

a. Subroutines required: FFTA, PWRTWO

b. By Shannon's sampling theorem, a band-limitt.d function is

represented by its samples, and it can be reconstructed at any joint from

them. The computation of the value of the function at a Point other than

a sample point is called Fourier intuifolation. Such Interpolation can be

used to increase the resolution of a function.

The Fast Fourier Transform (FFT) can be used to fa,:ilit,,tf Fourier

interpolation. Briefly, the oriqnal function A(k C , krLw:., It NA wints
x

on the range (-KM, + K , is +rarnsformod to yoIl E x) F> Aykx at NA

N xsamlple points. These NA valut, a f F Cx) ire2 thor ,1,- Iac ti>, c rOf

an array containing NB - ' I.",ints to f rim rI.t funct lon L" (x)

This fuiction is thorn invor, r.tn-frm(.d tf pr(,du, A(k ) at NB :'olnts
x

over tle same range (-K M  ,K tua1ly, the rang' is (-K W + K -

2k) since, the FFT ''onfid, r.a th( ,tm lfd function to be periodic outsido,

the known rang,, so that the (NB + 1) st poi nt would be the same as the

first point in the array.)
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27-5. Program Flow: See listing below.

27-6. Test Case: See Chapter 2.

27-7. References: See Chapter 26.

27-8. Program Li3ting: See folluwing page.
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Chapter 28

SUBROUTINE JOYFFT

28-1. Purpose: To compute the two-dimensional Fast Fourier Transform

of a complex array of NXI by NYI points and to provide magnification

of a specified portion of the transformed data.

28-2. Usage: CALL JOYFFT (INPUT, NXI, NYI, MX, MY, NXC, NYC, OUTPUT,

NXO, NYO, XYFFT, NXY, ISN)

28-3. Arguments

INPUT, - Complex input array of NXI by NYI points.

NXI, NYI

MX, MY - Integer input variables, equal to an integer power

of two, which specify the magnification in the I

and J directions, respectively.

NXC, NYC - Integer input variables which specify the center

coordinate I = NXC, J = NYC of the sector to be

magnified.

OUTPUT, - Complex output array of NXO by NYO points con-

NXO, NYO taining the transformed points of the magnified

sector.

XYFFT, Complex working array of NXY points.

NXY

ISN Integer input variable which specifies the direction

of the FFT: ISN = 3 for inverse FFT; ISN 1 for

FFT. See Chapter 26.

28-4. Comment

a. Subroutines required: FFTA, PWRTWO.
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b. All integer input variables must be integer powers of 2 and

must satisfy the following restrictions:

(1) NXO*NYO < NXI*NYI

(2) NXO < NXI or NYO < NYI

(3) MX*NXI < NXY and MY*NYI < NXY

28-5. Program Flow: See listing below.

28-6. Test Case: See Chapter 2.

28-7. References: None

28-8. Program Listing: See following pages.
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APPENDIX A

Test Jase I for RTFRACP
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Test Case 2 for RTFRACP
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Figure D-l. JE.i of Flat Plate Antenna (ICASE=3) for Sum, Elevation

Difference, and Azimuth Difference Channels.
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Figure D-3. Phase of E or0f Flat Plate Antenna.
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Figure D-6. IE YALIof Flat Plate Antenna.
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Appendix E

Plane Wave Transmission Through Multilayered Radome Wall

(Excerpted from Reference 1 cited in Chapter 11.)

The derivation below and the computer program implementation

listed in Appendix F are based on work done by Richmond dt Ohio State

University. Although Richmond's matrix formulation for the aralysis

of plane multilayers has been previously documented [3), an outline of

the theory is repeated here to provide a convenient reference in

defining the quantities described in the computer program of Appendix F.

Consider a plane electromagnetic wave incident on the surface of

a stack of plane, homogeneous, dielectric slabs of finite thickness

and infinite width surrounded by free space as shown in Figure 7(a).

The wave illustrated has perpendicular polarization (electric field

intensity vector perpendicular to the plane of incidence) and the

symbols E. and E represent the electric field intensities of the

incident and reflected waves at the "incident point " P, and Et repre-

sents the electric field intensity of the transmitted wave at the

"normal exit point " Q. The reflection coefficient R and the "normal

transmission coefficient " T of the multilayer are defined by

n

E (P)
TR -= (perpendicular polarization) (171)

t23Tn= (perpendicular polarization) (172)

1
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The "insertion transmission cefficient" T is defined as follows

E t(Q)
T = Z (perpendicular polarization) (172)

T ejkd
c OsO

n

where d is the total multilayer thickness, 0 is the angle of incidence

measured from the normal, and k is the free-space phase constant

,,r,-,o = 2wI/ o
0 0 0

The resultant field in each layer consists of an outgcing wave

and a reflected wave. In Figure 1 the complex constants An and Cn

represent the electric field intensity Ex of the outgoing wave in layer

n, evaluated at its two boundaries, and Bn and Dn represent the reflected

field intensity at the two boundaries.

The field intensity in layer n can be written as

E = (ae-Y n + beY n)e -jkysinO (173)x

The propagation constant y n is expressed in terms of the attenuation

constant a r, and the phase constant an as

Y= 0 j n (174)

It is assumed that the permeability of each layer is real and the com-

plex permittivity is expressed as
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SE'(l-jtan6) (175)

Using the wave equations and Equations (173), (174), and (175), it can

be found that

(k//2 ) r sin 2e)2 + (p'EItan6)2 - ( - sin 2 0) (176)

S(kl/2 ) . _ _ __ _ __'_ __ _ _ __ _ _ __ _ __ _ _ __ _ _

1 k (k/r2) (P'rr - sin 2) + (P c'tan6) + (P e - sin 2) (177)

where U and Er are the relative permeability and permittivity:

11r = P/o (178)

and

-E ' /E (179)
r 0

Ev,ilijLI i.np. E in Equation (173) at the left and ri.pht boundariesxI

of layer n, it can be shQwn that

-Yndn

An (180)

and
yndn

B = D e (181)
n n

where d is the thickness of layer n. Equations (180) and (181) can
ri

be expressed by the following natrix equation:
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A eY n
n n

y d (182)
Bn  0 e Dn
n n

Let tntl,n and rnl,n denote the interface transmission and

reflection coefficients for a wave in layer nil incident on the boundary

of layer n. Further, let t and r represent the interface
n,ni~l n n~l

coefficients for a wave in layer n on the boundary of layer ntl. In

terms of these coefficients, the electric field intensities, evaluated

at both sides of the boundary between layers n and n+l, are related

linearly as follows:

C = t A + r D (183)
n ni-l,n n+l n n+l n

and

Bn-l = tn,nl Dn * rnl,nAn l (184)

The relations follow from the superposition theorem and the definitions

of the interface coefficients.

It can be shown that

Sn ,n~l = "r n~l,n (185)

tn+l,n -- 1 + rnl,n (186)

t n,nl1 = 1+ n,ni I =i- r l,n' (187)
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t A+.'n tn,n*1 n*1,n rn,n+J. 1

.quJtiin U85 throI.,'2C (18,Eutos 13 n S4

:IZ ~kr n! A nl)/t nr±' (19U)

a-$- ni-1, n+1

.;1 n+1+nI.

* ~ ~ fTe -r,,jt 4 d~Or~'i d,)(; (191) Cdl Le LC)MbirICJ to obtdil the foil-

f Ll

r e
nn-11-

Let the two-by-two matrix in Equation (192) be denoted by n
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e --r%
ern ,n-1 e

(193)

r n nle e n

Repeated application of Equation (193) yields the following matrix rela-

tionship between the electric field intensities at the incidence and

exit surfaces:

0 AN+l

= (l/t) M M2 * M3 ... M . S (194)

Do BNtl

where the dots denote matrix multiplication, N represents the total

number of layers, S denotes the matrix

1 rN+l ,N(

-r1SNiN

dnd

t = l,t , 2 ,t 2 ,3 ... tN,N+1 .  (1)

In the situation used to define the transmission and reflection

coefficients of the structure, a wave of unit amplitude is assumed to
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be incident on one outer iurface, so that

A Nt (197)

BN = R (198)
BN+l

C =T (199)
o n

and

D =0 (200)
0

Thus t (ij4) becomes

, = ( /t Y . M. m . . M,. . L(20i)

k

.j:,llip ,rl'ili)~I

I ' d e1 pOIdl,
-a- *-p7



The matrix equations givn above apply also for parallel polarization,

in which case the complex constants An, B , C and D represent the

amplitudes of the magnetic field intensities HX of the traveling waves

in layer n. Equations (185) through (188) also apply for parallel

polarization, in which case the interface reflection and transmission

coefficients are defined by the ratio of the magnetic field intensities

H X . The interface reflection coefficients are given by

r W Unyn+l - Wn+lyn (perpendicular polarization) (204)
n~l,n nyn+l + Un+lyn

and

EnYnti - n~y n

r (parallel polarization) (205)

nyn+1 + n+lyn

where y is given by Equations (174), (176), and (177) if the permea-

bility w of each layer is real.

After the indicated matrix multiplications of Equation (44) are

perlormed, and the division by t. the equation has the form

fT} n b} 1] (206)
i [i il o
0. ~o c elRJ

Th uz,

bc
T a + bR a-_ (207)n e

R = -c/e. (208)
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